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Uncorrected refractive error is a leading cause of visual impairment. A decrease in 
visual acuity due to uncorrected refractive error affects activities of daily living, 
including driving. Driving involves the integration of continuous visual information 
derived from the constantly changing driving environment. Studies have shown a 
significant effect of blur on driving performance under both day and night-time 
conditions, especially for targets that are dynamic and may often be viewed briefly 
while driving, such as road signs and hazards (Higgins & Wood, 2005, Higgins, et 
al., 1998, Wood, et al., 2011). In order to better understand the impact of blur on the 
resolution of such dynamic and briefly presented targets, this research aimed to 
investigate the effect of blur under controlled laboratory conditions for different light 
levels, on tests that are potentially related to driving performance.  
The presence of blur is known to reduce visual acuity. However, adaptation to blur 
over time results in an improvement in visual acuity compared to that measured 
immediately after imposing blur. Thus the level of adaptation to blur is an important 
factor to consider in experimental designs such as these, in order to control for the 
effect of short-term changes in visual acuity due to blur adaptation. In addition, since 
individuals with uncorrected refractive error are likely to be adapted to the resultant 
blur, it is important to determine the effect of blur on tests related to driving 
performance following adaptation to induced blur.  
The first experiment investigated the short term changes in visual acuity for +1.00 D 
blur, under photopic illumination; +2.00 D blur, under photopic illumination; and 
+2.00 D blur, under mesopic illumination conditions. Fourteen young visually 
normal participants (mean age 29.5 ± 2.7 years) were tested. Visual acuity was tested 
iv 
 
using a computer-generated tumbling-E target (where participants were allowed 
unlimited time to make a response).  Testing involved three different sessions 
(session 1: baseline observation without blur; session 2: blur adaptation, and; session 
3: recovery session without blur). The experiment also measured the persistence of 
blur adaptation during session 3 by reintroducing blur for two single measures of 
visual acuity (approx 2 min each in duration) at 14 min and 28 min post-adaptation. 
Comparison of blur adaptation in the +1.00 D photopic and +2.00 D photopic 
conditions showed that the improvement in visual acuity following adaptation was 
significantly greater for +2.00 D blur compared to +1.00 D blur (p < 0.01).  
Pairwise comparison of adaptation times showed that blur adaptation peaked at about 
14 min and was maintained over the remainder of the adaptation period. However, 
there was no significant difference in adaptation to the +2.00 D blur condition under 
either photopic and mesopic illumination conditions, with the greatest adaptation to 
blur occurring at about 14 min following imposition of blur for both conditions. 
Importantly, reintroducing blur for a single visual acuity measurement following 28 
min of recovery from blur, resulted in a reduction in visual acuity, but this was 
significantly less than for when blur was first introduced in session 2 for both +2.00 
D blur under photopic and mesopic conditions (p < 0.05). This demonstrates that the 
participants’ capacity to adapt to blur carries over to subsequent exposures to the 
same levels of blur. The findings of the time course and persistence of blur 
adaptation were used as the basis for the design of Experiments 2 and 3. 
The visual information available while driving is dynamic and important cues may 
only appear briefly when driving at high speeds. Thus the effect of blur on the ability 
to resolve briefly presented targets may be important in understanding the impact of 
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blurred vision on driving. The second experiment investigated the effect of blur on 
visual acuity for briefly presented targets in comparison to untimed target 
presentations (in which the stimulus remained visible until the participant responded) 
under photopic and mesopic testing conditions. Twenty visually normal, young 
participants (mean age 29.4 ± 3.1 year) were recruited. Visual acuity was measured 
using a tumbling-E presentation for four different visual conditions (0.00 D 
(baseline), +0.50 D, +1.00 D and +2.00 D). Each condition was measured for brief, 
timed (100 ms) and untimed tumbling-E presentations following 14 min of 
adaptation to blur, in the order of lower to higher dioptric levels (based on the 
findings from Experiment 1). The visual acuity for all conditions was measured 
under photopic and mesopic illumination conditions on two separate days. As 
expected, the results showed that increasing blur resulted in a significantly greater 
decrease in visual acuity. The effect of blur on visual acuity was greater for the 100 
ms presentation compared to the untimed target presentation (p < 0.01). A decrease 
in illumination to mesopic levels exacerbated the effect of blur on visual acuity for 
both target presentations. However, the brief (100 ms) presentation showed a much 
greater decrease in visual acuity in the mesopic condition compared to the untimed 
condition. These findings suggest that the effect of even a small amount of blur 
(+0.50 D) may be greater for briefly presented targets compared to targets presented 
for an unlimited exposure time under mesopic conditions. This information is 
important in real-world driving conditions, where small amounts of uncorrected 
refractive errors may significantly affect ability to detect briefly presented events. 
This effect of blur on briefly presented events may be worse under low lighting 
conditions, such as night-time driving.  
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The third experiment investigated the effect of blur and a secondary auditory 
distracter task on reaction times to potential hazards under controlled laboratory 
conditions using the Hazard Perception Test. Twenty young participants (mean age 
of 29.4±3.2) who had prior driving experience and a current driving license 
participated in the study. Participants were required to view video recordings of 
traffic scenes in the Hazard Perception Test and to respond to the potential hazards 
within the traffic scene. The reaction times for responding to potential hazards within 
the video clip were recorded. The reaction times to hazards were tested twice, once 
without audio instructions and the second time with an auditory distracter (satellite 
navigation audio instructions). Each participant was tested for four visual conditions 
(0.00 D (baseline), +0.50 D, +1.00 D and +2.00 D), following a period of blur 
adaptation and the order of testing was from lower to higher levels of blur. Reaction 
times to hazards increased significantly with increasing blur, where participants were 
significantly slower in reacting to hazards for the +1.00 D and +2.00 D blur 
conditions compared to the no blur condition. There was also a significant increase in 
reaction times to hazards in the presence of the additional secondary task (auditory 
distracter). However there was no significant interaction between blur and distracter 
conditions on reaction times.  
Collectively, these findings suggest that blur due to uncorrected or under-corrected 
refractive errors may show a greater effect on the resolution of briefly presented 
targets (such as road signs and hazards) while driving, particularly under low light 
conditions. Blur, in combination with audio distracters, may also increase mental 
workload and slow a driver’s reaction to potential hazards on the road, thus reducing 
safe driving ability. Thus the findings highlight the importance of eye care 
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practitioners correcting even small refractive errors (0.50 D) and also drivers using 
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Chapter 1: Introduction  
1.1 Background 
Uncorrected refractive error is the leading cause of visual impairment, affecting 
about 153 million people around the world (Vision2020, 2011). The decrease in 
visual acuity resulting from uncorrected refractive error has a negative impact on 
quality of life and vision-related activities of daily living, including driving 
(Coleman, et al., 2006, Lamoureux, et al., 2009, Nirmalan, et al., 2005, Rahi, et al., 
2008, West, et al., 2002). There is increased interest in the safety of drivers with 
uncorrected refractive errors, given that a number of studies have reported that 
individuals continue driving without appropriate refractive correction (Adeoye, et al., 
2007, Erdogan, et al., 2011, Keeffe, et al., 2002).  
Studies have investigated the impact of different levels of simulated blur on driving 
performance under both day and night-time conditions. Increasing blur was reported 
to affect both day and night-time driving performance, with the effect of blur being 
greater in these studies taken at night compared to those under daytime conditions 
(Higgins & Wood, 2005, Higgins, et al., 1998, Wood, et al., 2011). The experiments 
in this thesis sought to investigate the effect of blur on laboratory tests related to 
driving performance under both photopic and mesopic light levels, in order to better 
understand some of the potential factors underlying the impact of blur on driving 
performance.  
The main effect of optical blur is to reduce the ability to see fine detail (or in spatial 
frequency terms, to selectively reduce the ability to resolve high spatial frequencies), 
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resulting in a decrease in visual acuity. In clinical settings the decrease in visual 
acuity with blur (or uncorrected refractive error) is measured using a standard letter 
chart where individuals are given as long as they require to correctly recognise 
letters. The standard visual acuity measurement is also the most common test used to 
determine driving eligibility. However, visual information available while driving is 
dynamic and can be fixated only briefly at the fovea while driving on high speed 
roads. Thus visual acuity measurement for briefly presented stimulus may be 
important in understanding the variation in vision while driving. Studies of on-road 
driving performance particularly noted that the effect of blur was greater for events 
that may be presented briefly, such as road signs and hazards (Higgins & Wood, 
2005, Higgins, et al., 1998, Wood, et al., 2011). Thus it may be important to further 
investigate the effect of blur on visual acuity for briefly presented targets.  
Studies measuring the effect of simulated blur and cataracts on driving performance 
reported that simulated cataracts showed a greater effect on driving performance 
compared to simulated blur under both day and night-time conditions (Wood, et al., 
2010, Wood, et al., 2009). The authors speculated that adaptation to blur under every 
day conditions may have resulted in the effects of blur on driving being less than that 
of simulated cataracts. This speculation is supported by the findings of an 
improvement in visual resolution following adaptation to blur in laboratory-based 
experiments (Cufflin, et al., 2007, Mon-Williams, et al., 1998, Pesudovs & Brennan, 
1993, Rosenfield, et al., 2004). Thus in laboratory-based studies that seek to measure 
the effect of blur on visual acuity, the level of adaptation to blur may be an important 
factor to consider. 
Visual information while driving is continuously presented, including environmental 
information that allows identification of hazards on the road. Thus perception and 
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timely reaction to hazards is important for driving safety. Hazard perception is the 
ability of the driver to anticipate dangerous events on the road. A decrease in the 
ability to perceive and react to hazards can put drivers at risk. Studies of on-road 
driving performance have noted that blur resulted in a reduction in the ability to 
detect and avoid large low contrast hazards on the road (Higgins & Wood, 2005, 
Higgins, et al., 1998, Wood, et al., 2011). However, the effect of blur on the reaction 
time to other types of hazards is poorly understood. 
Interest in the impact of in-vehicle devices on driving performance is increasing as 
they may act as a distracter task while driving, requiring the driver to divide their 
attention between driving and the secondary task, causing distraction (Poysti, et al., 
2005). Studies have reported that visual and auditory distraction caused by a 
secondary task (adjusting the radio, dialling numbers on a phone, talking on a mobile 
phone) while driving may affect driving performance by slowing down the reaction 
time to hazards on the road and putting drivers at risk of crashing (Haigney & 
Westerman, 2001, Hoedemaeker & Neerincx, 2007, Horrey, et al., 2008, Klauer, et 
al., 2006). Thus it is important to investigate the effect of blur and secondary tasks on 
reaction times to hazards, in order to understand the interaction between blur and 
secondary tasks on driving reaction times. 
1.2 Aims of the study 
The overall aim of the experiments described in this thesis was to investigate the 
effects of refractive blur, reduced illumination and the impact of secondary tasks on 
laboratory tests that are potentially linked to driving performance. Three studies were 
conducted to address these aims. The aim of Experiment 1 was to determine the time 
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of peak adaptation following the introduction of blur, measured for different levels of 
blur and under different illumination conditions. The study also aimed to determine if 
blur adaptation persisted even after removing blur, which would provide important 
insight into decisions regarding the testing order for different blur levels in 
Experiments 2 and 3. Experiment 2 aimed to investigate the effect of different levels 
of blur as well as the influence of different illumination conditions on visual acuity 
measured for different exposure times. Experiment 3 aimed to determine whether the 
reaction time for the identification of potential hazards in road scenes increased with 
the introduction of blur and also aimed to investigate whether the effect of blur on 











Chapter 2: Literature review 
2.1 Prevalence of refractive error in the population 
A refractive error describes the condition where parallel rays of light are not focused 
on the retina when accommodation is relaxed, resulting in blurred vision. The main 
categories of refractive error include myopia, hyperopia and astigmatism which 
affect people of all ages and ethnic groups. Uncorrected refractive error has been 
identified as a major cause of visual impairment worldwide and it is estimated that 
approximately 153 million people are visually impaired due to uncorrected refractive 
errors (Vision2020, 2011). This estimate of visual impairment was based on a 
presenting visual acuity of less than 6/18 (i.e. visual acuity with the currently 
available refractive correction, if any) that could be improved with appropriate 
refractive correction (Vision2020, 2011). The prevalence of uncorrected refractive 
error results in loss of education and employment opportunities, lower productivity 
and impaired quality of life (Chia, et al., 2006, Coleman, et al., 2006, Jaggernath & 
Naidoo, 2012, Lamoureux, et al., 2009, Nirmalan, et al., 2005, Rahi, et al., 2008, 
Smith, et al., 2009, West, et al., 2002). The worldwide prevalence of uncorrected 
refractive error, excluding presbyopia, is estimated to be 13 million for those aged 5-
15 years, 47 million for those aged 16 to 49 years and for ages greater than 50 years 
this number rises to more than 95 million (Vision2020, 2011).  
The prevalence of uncorrected refractive error has been increasing dramatically, 
particularly among Asian populations (Dandona, et al., 2002a, Dandona, et al., 
2002b, Murthy, et al., 2002, Raju, et al., 2004, Saw, et al., 2002, Shimizu, et al., 
2003, Vitale, et al., 2008, Wu, et al., 2001). This increase in prevalence is likely to be 
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due to the ageing population (Raju, et al., 2004, Shrestha, et al., 2010), growing 
poverty (Holden, 2007) and the increase in the rate of myopia development due to 
more indoor living and intense education (Ip, et al., 2008, Seet, et al., 2001). 
Interventions to correct refractive error, such as spectacles, are cost effective and 
generally easily accessible. However the accessibility of these refractive corrections 
in some situations is limited, as only 20% of the population in developing countries 
have access to spectacle corrections (Dandona & Dandona, 2001). Importantly 
refractive errors are also often not diagnosed, which makes this a major public health 
concern (Resnikoff, et al., 2008).  
Driving is considered to be an important activity of daily living, as it is the main 
mode of transport in many countries and helps to fulfil the essential needs of daily 
living, including driving to shops, accessing medical services, participating in social 
activities and visiting friends (Horgas, et al., 1998). Interest in the driving safety of 
drivers with uncorrected or under-corrected refractive errors is increasing given that 
a significant proportion of individuals continue driving with their reduced vision due 
to uncorrected refractive errors (Guest & Jennings, 1983, Saw, et al., 2004, 
Thiagalingam, et al., 2002). Keeffe, et al., (2002) reported from a large sample of 
Australian drivers, that uncorrected refractive error was the main cause of decreased 
visual acuity in 80% of drivers, whose visual acuity levels were below the legal limit 
for driving of 6/12. A study conducted on commercial drivers in Nigeria indicated 
that among 215 drivers, most had not had an eye examination prior to obtaining their 
driving license. Among drivers who had received an eye examination, 8% of the 
drivers had a refractive error, however, none were wearing a refractive correction 
(Adeoye, et al., 2007). Another cross-sectional study of 200 heavy vehicle drivers 
indicated that uncorrected myopia was most prevalent among drivers (Erdogan, et 
7 
 
al., 2011). Similarly, van Rijn, et al., (2011) measured visual function among a 
sample of 2422 European drivers and noted that 5.3% of drivers had visual acuity 
lower than that required for driving and visual acuity improved with appropriate 
refractive correction to meet the licensing standards.  
The increase in the number of drivers with uncorrected refractive errors on our roads 
poses a potential risk for road safety, as the resulting poor vision may affect the 
abilities required for safe driving. Sagberg, (2006) investigated the relative crash 
involvement risk for 4448 drivers with and without diagnosed medical conditions, 
including refractive errors, using self-reported questionniares. The study noted that 
along with other medical conditons, drivers who were myopic were at increased risk 
of crash involvement (odds ratio of 1.22) compared to drivers with no refractive 
error. 
2.2 Visual acuity and driving  
Optimal visual acuity is widely considered to be important for safe driving 
performance, given that 90% of the information available while driving is considered 
to be visual (Hills, 1980). A limited number of studies have shown a positive, but 
weak association between visual acuity and crash involvement (Davison, 1985, 
Hofstetter, 1976, Humphriss, 1987, Ivers, et al, 1999, Marottoli, et al., 1998). Burg, 
(1968) were the first to report a significant but small association between visual 
acuity and driving safety in a large sample of 17,500 California drivers. Davison, 
(1985) analysed 1,000 drivers’ accident history and visual function, and found that 
monocular and binocular visual acuity were significantly correlated with crash rates. 
Similarly, Humphriss (1987) reported three different South African studies, which 
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showed that for 666 drivers who had visual acuity less than 6/12 (which is the vision 
standard required for a South African driving licence), 632 (94%) drivers had 
reduced visual acuity due to uncorrected refractive errors. The study also noted that a 
randomly selected group of drivers who were involved in a high number of accidents 
had visual acuity less than that required for licensure. Ivers, et al, (1999) conducted a 
cross-sectional study on 2379 Australian drivers aged 49 years and older who had 
been involved in crashes; each subject had a detailed eye examination and were 
interviewed. The comparison of retrospective data for crash involvement and visual 
acuity indicated that a two line decrease in visual acuity was associated with a 
significantly increased risk of accidents. Hofstetter, (1976) reported that poor visual 
acuity (defined as visual acuity lower than the lower quartile) had a 50% greater 
chance of crashing than drivers with good visual acuity.  
Conversely, Hills & Burg, (1978) examined the association between visual acuity 
and driving safety among a larger sample of young and middle aged California 
drivers, and demonstrated no relationship between poor visual acuity and motor 
vehicle collision involvement, however, they found a significant but weak 
association in older drivers. Decina & Staplin, (1993) also performed an examination 
of visual function for 12,400 drivers in Pennsylvania at the time of license renewal 
and correlated this with self-reported crashes over 3.7 years. The study reported that 
visual acuity was not correlated with crash involvement. Similarly other studies have 
failed to report a significant association between visual acuity and crash involvement 
(Ball, et al., 1993, McCloskey, et al., 1994, Owsley, et al., 1998). Two recent cohort 
studies involving 1801 participants (Rubin, et al., 2007) and 3158 participants 
(Cross, et al., 2009) failed to find a significant relationship between visual acuity and 
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motor vehicle collision rates. Hunt, et al., (1993) also failed to find an association 
between visual acuity and on-road driving performance.  
Although standard visual acuity measured for an unlimited target exposure, as is the 
case for assessment with standard letter charts, has been shown to be only weakly 
associated with driving performance, it is the most common visual function 
considered for driving eligibility. However, the visual information available while 
driving is dynamic and often presented for a brief period of time only, thus the ability 
to process briefly presented events while driving may be important for driving safety 
(Baldock, et al., 2007, Richardson & Marottoli, 2003), especially while reading road 
signs and identifying hazards on high speed roads. Given that the minimum fixation 
time for viewing a road sign while driving has been reported to be of the order of 100 
ms (Ho, et al., 2001), measurement of visual acuity for brief (100 ms) stimulus 
presentations under laboratory conditions may be useful in understanding the 
variation in vision for such briefly presented events on the road. 
Studies measuring visual acuity as a function of stimulus exposure duration have 
reported that a stimulus presentation time of 100 ms is the minimum exposure time 
needed for optimal resolution of briefly presented targets (i.e. visual acuity measured 
for brief letter presentations) under photopic luminance conditions (Barlow, 1958, 
Baron & Westheimer, 1973, Niwa & Tokoro, 1997, Saunders, 1975). Under reduced 
luminance conditions the critical duration time at which the processing is largely 
complete may be longer than 100 ms (Brown & Black, 1976). The effect of 
uncorrected refractive error or simulated optical blur on visual processing time for 
short presentation of targets, especially under reduced illumination conditions is 
poorly understood. This information may further assist our understanding of the 
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impact of blur on brief presentations of events while driving, especially for road sign 
recognition and hazards identification, and for night compared to daytime driving.  
2.3 Effect of blur and illumination on visual functions 
Visual acuity is a primary visual function that is defined as the ability to discriminate 
fine details. Introducing blur (defocus) reduces both visual acuity and contrast 
sensitivity (Rabin, 1994). The loss in contrast sensitivity with optical blur is spatial 
frequency dependent, affecting high spatial frequencies more than low spatial 
frequencies (Charman, 1979, Green & Campbell, 1965) and increased levels of blur 
have a greater effect on high and mid spatial frequencies (Campbell & Green, 1965). 
Accordingly, studies have also shown that increasing blur results in an increasing 
reduction in visual acuity (Johnson & Casson, 1995, Plainis, et al., 2011, 
Radhakrishnan, et al., 2004, Schmidt, 1994).  
The other important factor that can impact on resolution ability are illumination 
levels. As illumination levels decrease, many properties of the visual system change 
in order to maintain optimal levels of visual performance, involving a shift in the 
spatial, temporal and adaptive properties of the visual system. As light levels change 
from photopic (above 3 cd/m2) through mesopic (0.001-3 cd/m2) to scotopic 
conditions (<0.001 cd/m2), the system becomes more sensitive to light but shows 
relatively poorer spatial and temporal resolution (Stockman & Sharpe, 2006). Visual 
acuity under photopic illumination is normally 6/6 or better, where cone function is 
primarily responsible for resolving fine details and perceiving colours. A decrease in 
illumination to very dim levels (scotopic illumination), results in reduced resolution 
ability given that rods are primarily responsible for visual function at these light 
levels. There is a transition zone between photopic and scotopic levels, known as 
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mesopic illumination, where vision is mediated by both rods and cones. The majority 
of visual tasks at night involve mesopic vision where both rod and cone pathways 
are active and interacting (Charman, 1996, Gruber, et al., 2012, Stockman & Sharpe, 
2006). However, the vast differences between rods and cones, including spectral 
sensitivities, spatial distributions across the retina, temporal properties and post-
receptoral pathways have provided challenges for research that has aimed to better 
understand mesopic vision (Stockman & Sharpe, 2006).  Decreasing illumination to 
mesopic levels reduces a range of visual functions, including visual acuity (Glover, 
et al., 1999, Rabin, 1994, Simpson, et al., 1986), contrast sensitivity to mid and high 
spatial frequencies (Peli, et al., 1996, Sloane, et al., 1988), depth perception (Legge, 
et al., 1987, Tucker & Charman, 1986, Wang & Ciuffreda, 2004) and colour vision 
(Knight & Knight, 2009, Schneider & von Campenhausen, 1998, Shin, et al., 2004). 
These effects on visual function are likely to occur because of a shift from cone 
mediation of vision under photopic illumination conditions to incomplete rod and 
cone mediation under mesopic illumination conditions (Cao, et al., 2010, Cao & 
Pokorny, 2010, Cao, et al., 2011, Zele, et al., 2013). In addition, under mesopic 
illumination conditions pupil size is increased relative to that measured under 
photopic conditions, which leads to a larger retinal blur circle (Green, et al., 1980, 
Ogle & Schwartz, 1959). 
In terms of geometrical optics, the correlation between acuity and defocus can be 
defined using blur circle diameters. Smith, (1991) defined the relationship as X = D x 
∆L, where X = angular blur disc diameter (in radians), D = diameter of the entrance 
pupil (in meters), and ΔL = defocus (in dioptres). Further, Smith and colleagues also 
reported a linear relationship between MAR acuity and defocus that holds over a 
wide range of defocus errors (0–10 D) accounting for 98% of the variance in acuity. 
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However, they suggested that higher order aberrations may confound this 
relationship for low dioptric values of defocus below about 0.25 D (Smith, 1991, 
Smith, et al., 1989). 
2.4 Effect of blur on day and night-time driving performance 
The effect of different levels of visual acuity degradation (20/20, 20/40, 20/100, 
20/200) resulting from different levels of optical blur on daytime driving 
performance has been previously investigated (Higgins & Wood, 2005, Higgins, et 
al., 1998). Increased acuity degradation had a linear relationship with reduced road 
sign recognition and road hazard avoidance, and resulted in a significant increase in 
total driving time.  
A decrease in illumination to mesopic levels, as for night-time driving conditions 
(Plainis, et al., 2005), results in a decrease in driver’s visual acuity and contrast 
sensitivity, making driving performance potentially more challenging (Andre, 1996, 
Sturgis & Osgood, 1982). Driving at night is considered to be more dangerous than 
driving in the daytime and has been shown to be associated with high fatal crash 
rates (Owens & Sivak, 1996, Sullivan & Flannagan, 2002), and injuries as a result of 
crashes (Rice, et al., 2003). The severity of fatal collisions has been shown to be 
doubled during the night compared to the day and injury severity was almost three 
times higher in the absence of street lighting in night-time driving for different road 
types (Plainis, et al., 2006). Objective assessments of driving performance using 
driving simulators with induced blur and simulated night driving (using neutral 
density filters) have shown an increased effect of blur on steering performance under 
reduced illumination conditions (Brooks, et al., 2005, Owens & Tyrrell, 1999). 
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Studies of driving performance on closed road circuits have also demonstrated that 
driving ability is impaired under reduced illumination conditions (Owens, et al., 
2007, Wood & Owens, 2005). Wood, et al. (2011) investigated the impact of optical 
blur (+0.50 D, +1.00 D, +2.00 D) compared to optimal refraction on real world 
driving performance and eye movements under day and night-time conditions. 
Results showed that even a small amount of blur (+0.50 D) had a significant effect 
on driving at night compared to daytime conditions where the same level of blur had 
minimal effect.  
Studies have also been conducted to compare the effect of simulated blur and 
simulated cataracts on driving performance. Wood, et al., (2009) measured these 
effects on daytime driving performance and reported that simulated cataracts resulted 
in a greater degradation in performance for road sign recognition and hazard 
avoidance compared to blur. Similarly, Wood, et al, (2010) compared the impact of 
simulated cataract and blur for night-time driving performance and reported results 
similar to those for daytime driving, where the cataract simulation had a greater 
effect on driving performance compared to blur conditions and the number of road 
signs correctly recognised were halved in the cataract condition compared to the blur 
condition under the reduced illumination conditions.  
The lesser effect of optical blur on driving performance compared to cataracts in 
these studies by Wood and colleagues may be the result of two processes, as 
speculated by the authors. Firstly, the greater loss of contrast sensitivity in the 
simulated cataract condition may have had a greater impact on driving performance, 
and secondly, improvement in visual resolution following adaptation to blur 
conditions may have resulted in a reduced effect of blur on driving. Thus blur 
adaptation may be an important consideration in understanding the impact of 
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uncorrected refractive errors on driving performance and in driving experiments 
which explore these factors in the laboratory. 
2.5 Blur adaptation  
Individuals often encounter blur in everyday activities by failing to wear their 
refractive correction or by wearing a refractive correction that is not optimal for their 
refractive status. However, it has been suggested that they can adapt to such small 
levels of blur, such as when myopes do not wear their spectacles (Pesudovs, 2005, 
Pesudovs & Brennan, 1993). Pesudovs & Brennan (1993) were the first to report this 
visual acuity improvement in myopic participants, demonstrating a small but 
significant two letter improvement in visual acuity following fixation of a distant 
object for 90 minutes without wearing a myopic spectacle correction. Rosenfield, et 
al. (2003) noted a two line improvement in distance visual acuity following three 
hours of adaptation to blur in myopes not wearing their spectacles. 
Studies have also reported an improvement in visual acuity following adaptation to 
blur for periods of 30 min to three hours (Cufflin, et al., 2007, George & Rosenfield, 
2004, Mon-Williams, et al., 1998, Rosenfield, et al., 2004). Studies on simulated blur 
have also noted an improvement in visual acuity following adaptation to the blur, 
Mon-Williams et al. (1998) noted a two line improvement in monocular visual acuity 
following three hours adaptation to +2.50 D blur. Cufflin, Mankowska, et al., (2004) 
noted a two line improvement in binocular visual acuity and improvement in mid and 
high spatial frequencies following three hours adaptation to +2.50 D blur. Cufflin, 
Mankowska, et al., (2007) also noted significant improvements in visual acuity 
following 30 minutes of adaptation to +1.00 D blur and the improvement in visual 
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acuity for blur adaptation was greater among myopes compared to emmetropes. 
However, the magnitude of shorter term changes in visual acuity following blur 
adaptation and the exposure time to blur at which the level of adaptation peaks is 
unclear. 
Studies have also noted that the improvement in visual acuity following adaptation to 
blur was not associated with any significant change in refractive error or other ocular 
parameters including pupil size (Cufflin, et al., 2007, Mon-Williams, et al., 1998, 
Pesudovs & Brennan, 1993, Rosenfield, et al., 2004). Along with improvements in 
letter acuity, studies have also reported an improvement in grating acuity at mid and 
high spatial frequencies following adaptation to blur and proposed that adaptation to 
blur may occur as a result of selective changes in the mid and high spatial frequency 
channels at the level of visual cortex, resulting in improvement in visual acuity 
(Mon-Williams, et al., 1998, Rajeev & Metha, 2010, Rosenfield, et al., 2004).  
2.6 Effect of a secondary task on driving performance 
Driving is a complex and demanding task and lack of attention to the road can affect 
driving safety. For safe driving the driver needs to identify potential hazards within 
the driving environment, judge and make appropriate decisions with respect to 
hazards and have the ability to execute these decisions in a timely fashion to avoid 
collisions with road hazards. It has been hypothesized that reduction in the level of 
cognitive resources reduces the ability to process new information, making visual 
processing more effortful (Wingfield, et al., 2005). Accordingly degraded visual 
input due to blur may reduce cognitive processing, affecting the responses to visual 
information while driving. Along with the cognitive workload caused by degraded 
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visual acuity, interacting with in-vehicle devices may cause additional cognitive 
demand leading to driver distraction.  
The rapid development of in-vehicle technology and electronic devices is likely to 
impose greater cognitive demands on drivers in the future which may lead to 
distraction and a diminished capacity to perform driving tasks (Hoedemaeker & 
Neerincx, 2007). Drivers usually need to interact with in-vehicle devices such as 
navigational and entertainment systems (e.g. radio). However, these in-vehicle 
devices may act as auditory and visual distracters. Interaction with the car radio is a 
very common task while driving, which may involve manually adjusting the dial 
causing visual distraction (Haigney & Westerman, 2001). Using a mobile phone 
while driving is one of the major factors that can distract drivers both visually (while 
dialling numbers) (Haigney & Westerman, 2001), and cognitively (Patten, et al., 
2004). Studies have reported that using both handheld and hands-free mobile phones 
while driving was associated with a fourfold increase in crash risk (McEvoy, et al., 
2005, Redelmeier & Tibshirani, 1997). 
Navigational devices are designed to assist drivers with route information and have 
been the subject of a significant body of research in recent years. However, there is 
still a limited understanding of the effect of navigation systems on driver attention 
and driving behaviour (Green, 1996, Green, et al., 1993). Moldenhauer & 
McCrickard, (2003) investigated the effect of four navigation information modalities: 
audio, audio with overhead map, visual, and visual with overhead map on drivers 
distraction in a driving simulator. Their results showed that the visual modality with 
an overhead map resulted in the highest number of driving errors and longest 
reaction times. The audio alone and audio with map conditions also showed a small 
but significant increase in total reaction time. Similarly Jensen, et al, (2010) studied 
17 
 
driving behaviour and performance for different output configurations (audio, visual 
and audio-visual) from a GPS, and indicated that visual output navigational 
instructions not only caused a substantial amount of eye fixations, but also led to a 
decrease in performance while driving in real traffic conditions. Adding audio output 
decreased the number of fixations, but had no significant effect on driving 
performance. Though provision of navigational information auditorily has been 
favoured by drivers, in recent years this has been noted as a major cause of 
distraction for drivers (Martin, et al., 2011).  
Like visual distraction, auditory distractions also have an effect on drivers’ attention. 
The auditory task tends to increase concentration on the road centre at the expense of 
fixations of the road periphery, thereby increases the complexity of the driving task 
(Victor, et al., 2005). In order to perform the secondary task, drivers tend to adapt 
their behaviour by making decisions not to compromise driving performance and 
engage in the secondary task (Poysti, et al., 2005). To complete a secondary task 
successfully and to maintain safe driving, drivers often compensate by reducing their 
driving speed (Horberry, et al., 2006). However, this compensatory strategy is not 
always successful, as drivers fail to fully compensate for their inattention to driving 
because they often underestimate the risks involved in performing particular 
secondary tasks. This was investigated by dual-task studies of simulated driving and 
conversing on a cellular telephone (Horrey, et al., 2008, Lesch & Hancock, 2004, 
Strayer & Johnston, 2001) which demonstrated that drivers failed to divide their 
attention adequately between driving and secondary tasks resulting in a decrease in 
driving performance and increased crash risk. Klauer, et al., (2006) analysed data for 
naturalistic driving from 100 instrumented vehicles (100 car study) and found that 
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driver inattention caused by secondary tasks contributed to 78% of crashes and 65% 
of near-crashes.  
There is a limited understanding regarding the effect of degraded visual acuity and 
performance of secondary tasks on driving performance. In a study by Wood, 
Chaparro, & Hickson, (2009) the effect of three visual (normal, cataract and blur) 
and three distracter conditions (none, visual and auditory) on driving performance 
was investigated. The distracters involved simple addition of numbers (e.g. 2+5=7) 
presented either auditorily or visually. Degraded visual acuity resulting from 
simulated blur or simulated cataracts with distracters (auditory and visual) 
significantly reduced ability to recognise road signs and increased total driving time. 
Wolffsohn, et al., (1998) have also suggested that there are additional 
accommodative changes associated with increasing cognitive load. However, the 
combined effect on driving performance of different levels of simulated blur and 
cognitive distraction caused by secondary task is poorly understood.  
2.7 Summary of literature review  
The increase in prevalence of uncorrected refractive errors and its negative impact on 
vision-related daily living activities including driving, have increased interest in this 
important research area. Studies have shown that driving performance was 
significantly affected by simulated blur under both day and night driving conditions, 
with a greater effect of blur at night-time. These studies have shown that blur 
affected road sign recognition, hazard identification and total driving time. Thus it is 
important to understand the potential factors underlying the impact of blur on driving 
performance, by measuring the effect of blur on tests that have potential links with 
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driving performance under controlled laboratory conditions. Furthermore, studies 
measuring the effect of blur on visual acuity have reported an improvement in visual 
acuity following adaptation to blur, thus consideration of blur adaptation may also be 
an important factor for both laboratory and field-based experiments.  
Standard visual acuity measurements using letter charts, where letters are presented 
for an unlimited exposure time, is the most common visual test for driving license 
eligibility. However, it is unclear if standard visual acuity measurements will reflect 
the variations in vision for briefly presented events, such as road sign and hazard 
while driving, which may be fixated briefly while driving at high speeds. Moreover 
studies have shown only weak associations between visual acuity and crash 
involvement. Thus the effect of blur on visual acuity measured for brief stimulus 
exposures may be important in understanding driving performance with blurred 
vision.  
Given that driving is a visually demanding task, identifying potential hazards and 
timely reaction to these hazards is important for driving safety. Studies have noted 
that performing a secondary task (such as using mobile phone, using in-vehicle 
devices or navigational devices) while driving can cognitively slow down drivers 
responses to hazards on the road. However, the effect of different levels of blur and 







Chapter 3: Rationale and research design 
Studies have shown that driving performance is significantly affected by simulated 
blur under both day and night-time driving conditions, with the effects being greater 
under night-time driving conditions (Higgins & Wood, 2005, Higgins, et al., 1998, 
Wood, et al., 2011). It is also evident from the previous studies that interaction with 
in-vehicle devices can distract drivers’ from the main driving task, resulting in 
slower reaction to hazards on the road (Haigney & Westerman, 2001, Horrey, et al., 
2008, Lesch & Hancock, 2004, Martin, et al., 2011, Moldenhauer & McCrickard, 
2003, Patten, et al., 2004). However the potential factors underlying the impact of 
blur on driving performance under different illumination conditions, and in the 
presence of a secondary task, on reaction times to hazards are not known. Thus the 
overall aim of the thesis was to investigate the effect of blur, illumination and 
distracters on laboratory tests that are potentially related to driving performance; 
these aims were investigated in Experiments 2 and 3. 
In everyday conditions, individuals may often be adapted to blur resulting from their 
uncorrected or under/over-corrected refractive errors. This blur is often habitually 
present for periods ranging from months to years. In order to be able to relate the 
findings from Experiments 2 and 3 to real world conditions, it was important to 
determine the effect of blur on visual performance following this type of longer term 
adaptation to blur, since it is unusual for a person to be suddenly in a situation of 
having blurred vision (e.g. losing spectacles). Thus a preliminary study was 
conducted (Experiment 1) to determine the peak time of adaptation following 
exposure to blur; and these data were used to assist in designing the methods for 
Experiments 2 and 3.  
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The aim of the Experiment 1 was thus to determine the time course of adaptation to 
the induced blur, and to determine the approximate time for peak adaptation to blur, 
investigated for different levels of blur and under different illumination conditions. 
In the present study, adaptation to blur for +1.00 D and +2.00 D blur was 
investigated under photopic illumination conditions to determine if different amounts 
of blur resulted in differences in adaptation and for +2.00 D blur under photopic and 
mesopic illumination conditions to investigate the effect of different illumination 
levels on blur adaptation. Given that the focus of this study was on photopic blur 
adaptation, blur adaptation under mesopic illumination was tested only for the +2.00 
D blur condition. This was based on our observations from pilot data that this was 
the condition that demonstrated the most improvement in visual acuity following blur 
adaptation of the blur levels considered here. 
The persistence of blur adaptation was also investigated by reintroducing blur at 14 
min and 28 min after removing blur following blur adaptation. This information 
provided us with information as to whether it was necessary to randomise the order 
of blur for laboratory-based experiments. Information regarding the time course of 
adaptation and order of testing different levels of blur informed the design of the 
protocols for Experiments 2 and 3. 
Simulated blur has been shown to affect performance on road sign recognition and 
hazard identification in studies conducted under both day and night-time driving 
conditions; both of these measures involve targets which are presented briefly while 
driving at high speeds. Thus the effect of blur on visual acuity measured using 
stimuli of untimed exposures, such as on a standard letter chart, may not predict 
variations in vision with blur for such briefly presented targets while driving. The 
effect of blur on visual acuity for brief target presentation may be more relevant to 
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driving than visual acuity for untimed target presentation. This information regarding 
the effect of blur on resolution ability for briefly presented target may be helpful in 
understanding the effect of blur on the ability to recognise road signs and hazards 
encountered while driving.  
Experiment 2 was designed to understand the effect of optical blur and different 
illumination levels on visual acuity for target presented for short durations. 
Participants were tested for untimed presentations (where the target was presented 
for an unlimited exposure) and timed (100 ms) presentations (where the target was 
presented for 100 ms exposure duration). Visual acuity for these two stimulus 
presentations was tested for four blur conditions (0.00 D, +0.50 D, +1.00 D, +2.00 
D) and two different illumination (photopic and mesopic) conditions. This 
information is important as poor attention to briefly exposed targets (such as road 
signs and hazards) may have a significant impact on safe driving performance. The 
effect of induced blur on visual acuity for both stimulus presentation times under 
different illumination conditions may be useful in understanding the potential factors 
underlying the impact of blur on briefly presented events for on-road driving 
performance under day and night-time conditions.  
It has been hypothesised that degraded vision may result in a decrease in higher 
levels of cognitive processing, thereby making visual processing cognitively more 
effortful (Wingfield, et al., 2005), which may have an effect on driving performance. 
Studies have already indicated that dividing attention to a secondary task while 
driving, such as when attending to visual and auditory distractions caused by in-
vehicle devices, may cognitively slow drivers’ reaction times to events on the road. 
However, the combined effect of visual acuity impairment through induced blur and 
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the presence of a secondary task on response times to potential hazards are poorly 
understood. 
Experiment 3 measured the relationship between blur and reaction times for the 
identification of hazards using the Hazard Perception Test (HPT). The experiment 
included measurement of reaction times for four different blur conditions, with and 
without an audio distracter task that involved listening to audio instructions from a 
simulated satellite navigation device, which were either consistent or inconsistent 
with the view presented on the Hazard Perception Test. The experiment was 
designed to measure the combined effect of visual impairment and cognitive 
workload on the time taken to react to potential hazards on road. 
The combination of these three experiments was designed to provide a better 
understanding of the effect of blur on day and night-time driving performance by 
measuring visual acuity for a briefly (100 ms) presented target for different levels of 
blur and under different illumination conditions (Experiment 2), and measuring the 
effect of blur and presence of secondary task on reaction times to identify potential 
road hazards using Hazard Perception Test (HPT) (Experiment 3). Experiment 1 was 







Chapter 4: The short-term changes in visual acuity during 
blur adaptation for different defocus and illumination 
conditions 
4.1 Introduction 
It is well known that blur reduces visual resolution (Smith, 1998), where the presence 
of blur degrades both the spatial and contrast resolution of the target (Anderson, et 
al., 2001, Wang & Ciuffreda, 2005). The loss in contrast sensitivity with defocus is 
spatial frequency dependent, affecting high spatial frequencies to a greater extent 
than low spatial frequencies (Charman, 1979, Green & Campbell, 1965). Studies 
have also reported that a decrease in illumination also reduces the resolution ability 
of the eye and hence visual acuity (Rabin, 1994, Simpson, et al., 1986). However, 
investigations have reported that the effect of blur on visual acuity does not differ 
between high and low illumination conditions (Johnson & Casson, 1995, Simpson, et 
al., 1986).  
Adaptation to blur is characterised by an improvement in visual resolution following 
a period of exposure to blur, relative to that measured immediately after imposing 
blur (Cufflin, et al., 2007, George & Rosenfield, 2004, Mon-Williams, et al., 1998, 
Pesudovs & Brennan, 1993, Rosenfield, et al., 2004). Pesudovs & Brennan (1993) 
were the first to report this improvement in visual acuity following adaptation to blur 
in myopic participants, demonstrating a small but significant two letter improvement 
in visual acuity measured following fixation of a distant object for 90 min without 
their spectacle correction. Rosenfield, et al., (2004) extended the time frame of 
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adaptation for three hours in myopes not wearing their spectacles and demonstrated a 
significant two line improvement in visual acuity after three hours compared to the 
first measurement immediately after removal of spectacles. Mon-Williams, et al., 
(1998) also found a significant four letter improvement in visual acuity for induced 
+1.00 D blur in emmetropes after 30 min of adaptation to blur. This experiment also 
demonstrated that changes in pupil size were not the cause of improvement in the 
visual acuity following blur adaptation, as their participants had their pupils dilated 
and viewed the targets through an artificial pupil. Similarly, Cufflin, et al., (2007) 
reported a significant one line improvement in visual acuity following 30 min of 
adaptation to two different levels of blur (+1.00 D and +3.00 D) and reported that the 
improvement in visual acuity did not differ between blur conditions.  
Mon-Williams, et al., (1998) also suggested that the process of blur adaptation occurs 
at the level of the visual cortex, from their observation of an improvement in visual 
acuity in the fellow eye, following monocular adaptation to blur in the other eye. 
They proposed that selective improvement in high spatial frequency channels may 
have resulted in the improvement in visual acuity. Further support for this hypothesis 
that adaptation occurs at a neural level is provided by studies that noted that the 
improvement in visual acuity following blur adaptation is not associated with change 
in refractive status (Mon-Williams, et al., 1998, Pesudovs & Brennan, 1993), 
crystalline lens (Pesudovs & Brennan, 1993), or pupil size (Pesudovs & Brennan, 
1993).  
Previous studies have discussed the impact of blur adaptation on visual acuity 
following 30 min to three hours of blur exposure. However, the short-term changes 
in visual acuity (between 0 min to 30 min), both during and after blur adaptation (i.e., 
the time course), have not been studied. In addition, the improvement in visual acuity 
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for blur adaptation has not been investigated under mesopic illumination conditions. 
For the current study, it was important to understand the effects of short-term blur 
adaptation on visual acuity measured in laboratory-based experiments, since this 
determined if there was a need for blur adaptation for participants prior to measuring 
visual performance with induced blur in Experiments 2 and 3. It was also important 
to understand the time course of the persistence of blur adaptation after blur was 
removed, as this would also inform the design of the methods for Experiments 2 and 
3. Moreover, understanding more about the time course of blur adaptation may 
provide useful information about the mechanisms underlying blur adaptation.  
Thus the study aimed to investigate:  
• The time course of adaptation and the time of peak adaptation to induced 
blur.  
• The effect of different levels of blur and illumination on blur adaptation.  
• The persistence of blur adaptation following removal of blur.  
4.2 Method 
 4.2.1 Participants  
Fourteen young participants were recruited with an age range between 20 to 35 years 
(mean age 29.5 ± 2.7 years) (Table 4.1). All participants were screened for their 
suitability to participate in the study by a clinical eye examination and none of the 
participants had any history of wearing spectacles or contact lenses. Assessment for 
optimal refractive correction for each eye was determined using retinoscopy 
followed by subjective Jackson cross-cylinder and blur-back techniques using a 
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phoropter head. After determining the optimal refractive correction, monocular and 
binocular distance visual acuity were measured using the ETDRS charts (Ferris, et 
al., 1982) at 4 m for assessment of best-corrected visual acuity (≥ 6/6 or 0.00 
logMAR) with a chart luminance of 126 cd/m2. Visual acuity was scored on a letter 
by letter basis. Inter-pupillary distance was adjusted in the trial-frame to ensure that 
the optical centre of the lens was aligned with the pupil centre for each individual. 
Participants were required to: (1) have a refractive error ranging from -0.25 DS to 
+0.25 DS and < 0.50 DC, (2) have no ocular abnormality such as strabismus, 
amblyopia, corneal opacities, lens opacities or retinal abnormalities and (3) be aged 
20 to 35 years. Informed consent was obtained for all participants and the research 
protocol was approved by the Queensland University of Technology, Human 




Table 4.1. Details of age, gender, refractive error, inter-pupillary distance, binocular and monocular best corrected visual acuity 
(BCVA) for the fourteen participants.   







1 27 M +0.00 DS +0.25 DS -0.10 -0.12 -0.16 
2 33 F +0.25 DS +0.00 / -0.25 X 90 0.00 0.00 -0.10 
3 28 M +0.25 DS +0.25 DS -0.20 -0.10 -0.22 
4 30 M +0.00 DS +0.25 DS -0.10 -0.10 -0.22 
5 31 M +0.25 / -0.25 X 85 +0.25 / -0.25 X 90 0.00 -0.10 -0.10 
6 29 M +0.25 / -0.25 X 90 +0.00 / -0.25 X 90 -0.12 -0.16 -0.20 
7 27 F +0.00 DS +0.00 DS -0.10 -0.12 -0.12 
8 23 M +0.00 DS +0.00 DS -0.10 -0.02 -0.16 
9 30 M +0.00 DS +0.00 DS -0.20 -0.18 -0.22 
10 32 F +0.25 DS +0.25 DS -0.14 -0.14 -0.14 
11 31 F +0.25 DS +0.00 DS -0.18 -0.20 -0.18 
12 30 F +0.00 / 0.50 X 180 +0.00 / 0.50 X 5 -0.12 -0.16 -0.14 
13 29 M +0.00 DS -0.25 DS -0.22 -0.26 -0.24 
14 33 F +0.00 DS +0.00 DS -0.24 -0.26 -0.26 
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4.2.2 Design of Tumbling-E visual acuity test 
The study involved a repeated-measures design to investigate blur adaptation, where 
visual acuity was assessed for two levels of blur (+1.00 D and +2.00 D) under 
photopic illumination and a single blur condition (+2.00 D) under mesopic 
illumination using a computer-generated tumbling E test. All room lights were turned 
on for photopic conditions, while for mesopic conditions the fluorescent lights were 
turned off and the dimmer light switch turned to a predetermined point. A Topcon 
IM2D illumination meter was used to record 4 readings for each light condition, with 
the probe at eye level facing either forwards toward the screen or upward toward the 
ceiling, resulting in the following photopic and mesopic illumination levels: photopic 
(375.3 lux probe forwards; 1076.5 lux probe upwards); mesopic (2.8 lux probe 
forwards; 6.6 lux probe upwards).   
The computer-generated tumbling-E test was developed using the Psychopy 
psychophysics software (Jonathan, 2007) (by Dr. Philippe Lacherez, Vision & 
Driving laboratory, QUT). The tumbling-E target was designed in the standard 
illiterate E form (such that the three strokes of the letter ‘E’ were of equal width and 
length and were 1/5 of the overall optotype size). Flanking bars, designed to induce a 
crowding effect, were of equal width and length to those of the strokes of the ‘E’, 
were simultaneously presented on each of the four sides of the ‘E’, at a separation of 
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Figure 4.1. Schematic diagram of the tumbling-E target, where ‘A’ is the width of 
each limb and flanking bars. ‘B’ is the spacing of the flanking bars from the 
tumbling-E (half letter size) designed to create a crowding effect. 
The tumbling-E stimulus was presented as a black letter with a luminance of 4.9 cd/ 
m2 on a white background of 131.8 cd/ m2 (96% Weber contrast), on a 30.2 x 22.6 
cm LCD monitor with screen resolution of 1024 x 768 and refresh rate of 60 Hz. 
Each tumbling-E target was presented continuously on the screen until a response 
was made and was presented in one of four orientations (up, down, right or left). 
Participants were instructed to report the orientation which they judged the letter ‘E’ 
was pointing using the corresponding arrow keys on the computer keyboard and 
were instructed to guess even if the target orientation was difficult to identify. The 
estimate of the final visual acuity threshold was the smallest gap size of the letter ‘E’ 
that was detectable, estimated using a QUEST algorithm (Kontsevich & Tyler, 1999, 









The starting point for the QUEST algorithm initially began with a 1.3 MAR stimulus 
in each condition. Each run comprised 50 trials, and successive estimates were 
changed in log unit steps. Threshold was estimated for the 71% point on the 
psychometric function to equate with a normal 2-down, 1-up staircase method. This 
leads to a slightly more conservative estimate of threshold than the 62.5% point 
which is equivalent to equal probability of detection/non-detection correcting for 
guess rate, and therefore serves as a stricter representation of true detection ability. 
For mesopic testing conditions, the room illumination was dimmed as described 
above and participants viewed the computer screen through 2.1 Neutral Density 
(ND) filters mounted in a trial frame in front of both eyes. The average luminance of 
the computer monitor under the photopic illumination conditions measured using a 
BM7 Topcon Luminance Colorimeter was 133 cd/m2 and for mesopic conditions, the 
luminance of the computer monitor was 0.78 cd/m2.  The testing distance was 12 m 
(with participants viewing the computer screen via a mirror) under photopic testing 
condition and at 4 m (with +0.25 D working distance correction) under the mesopic 
testing condition (Figure 4.2). The testing distance under mesopic conditions was 
decreased in order to provide an appropriate range of resolution sizes for each set of 







 Figure 4.2. The set-up for the study, the participant was seated at 12 m for the 
+1.00 D and +2.00 D photopic blur conditions (upper panel) and the participant 
was seated at 4 m for the +2.00 D mesopic condition (lower panel). 
4.2.3 Procedure 
Binocular visual acuity for each participant was tested during three sessions over a 
period of 90 min for the +1.00 D photopic, +2.00 D photopic and +2.00 D mesopic 
conditions. Since the focus of this study was on photopic blur adaptation, blur 
adaptation under mesopic illumination was tested only for the +2.00 D blur 
condition. This was based on our observations from pilot data that this was the 
condition that demonstrated the most improvement in visual acuity following blur 
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correction and blurring lenses in a trial frame before both eyes. Each 90 min session 
was conducted on a different day and the 90 min session was divided into three 30 
min sessions. Binocular visual acuity was measured at five time points (at 0 
(baseline), 7, 14, 21, and 28 min) within each 30 min session. Each measurement of 
computerised visual acuity took approximately 60-90 seconds. The three 30 min 
sessions are described in detail below: 
Session 1 (control, 30 min duration) (see Figure 4.3):  
With optimal refractive correction for both eyes, binocular visual acuity 
measurements using the tumbling-E system were repeated every seven minutes over 
a period of 30 min. These measurements were used to determine whether there was 
any learning effect due to the repeated measurement of visual acuity and also helped 
to standardise the participant’s state of light and blur adaptation. 
Session 2 (blur adaptation, 30 min duration) (see Figure 4.3): 
Session 2 started immediately after the first session by introducing blur (+1.00 D or 
+2.00 D) over the optimal correction in both eyes and binocular visual acuity was 
measured every seven minutes over a period of 30 min. The order of the blur 
conditions (+1.00 D or +2.00 D) was alternated between participants. 
Session 3 (blur recovery, 30 min duration) (see Figure 4.3):  
Measurements of binocular visual acuity were made with the optimal refractive 
correction immediately after the removal of the blur lenses for both eyes following 
blur adaptation. The measurements were taken at 0 (baseline), 7, 14, 21 and 28 min. 
This session was undertaken to determine the persistence of blur adaptation even 
after removing the blurring lens following blur adaptation, by measuring visual 
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acuity for the optimal correction with brief reintroduction of blur at 14 min and 28 
min.  
 
Figure 4.3. A pictorial representation of the tumbling E presentation for binocular 
visual acuity measures during the three 30 minute test sessions. 
Participants watched a movie between visual acuity measurements on the 37.5 x 30.1 
cm LCD monitor positioned at a distance of 5.27 m for five minutes to maintain 
constant accommodation between visual acuity measurements. Pupil size was 
measured using a NeurOptics electronic pupil meter in the right eye for all 
participants, with the other eye fixating a distant target. Pupil size was measured at 
the end of the first 30 min session 1 (control), at the beginning and end of the second 
2 (blur adaptation) and at the end of the third session 3 (blur recovery). During 
session 2, pupil sizes were measured with no blur in front of the right eye, while the 
blur lens was present only in front of the left eye (fixating at distance).  
Measurement of visual acuity for all three blur conditions took a total time of 270 
min, with each blur condition (+1.00 D photopic, +2.00 D photopic and +2.00 D 
mesopic) tested on three separate days to avoid cross-over effects. The first and 
0 14 28217
30 min 60 min 90 min
Session 1-Control Session 2-Blur adaptation Session 3-Blur recovery
Time (min)




second sessions for two days were alternatively selected between +1.00 D and +2.00 
D lens conditions for each participant, while the third day included the +2.00 D 
mesopic testing condition for all participants. The mesopic condition was always 
tested in the third session, given that it was predicted to be more challenging, 
although this may have incurred some confounding practice effects.  
4.2.4 Analysis 
Visual acuity values were expressed in minutes of arc (minimum angle of resolution 
(MAR)), given that it has previously been demonstrated that a linear relationship 
exists between refractive blur and MAR (Smith, 1991, 1996, Smith, et al., 1989). The 
group mean MAR visual acuity for each measurement was calculated for all 14 
participants. Blur adaptation was defined as the change in visual acuity from 0 min to 
28 min during adaptation to the blurring lenses. A two-way repeated measure 
ANOVA was conducted for the factors of blur (+1.00 D photopic, +2.00 D photopic) 
and adaptation time (0, 7, 14, 21 and 28 min) to assess the impact of blur and time on 
the change in MAR, and the interaction between blur and time. A second two-way 
repeated measure ANOVA was conducted for the factors of luminance (photopic, 
mesopic) and time (0, 7, 14, 21 and 28 min) for the +2.00 D blur conditions.  
Persistence of blur adaptation in the recovery session (after removing blur) was 
measured by briefly reintroducing blur after 14 min and 28 min of clear vision. A 
paired t-test was conducted to compare visual acuity with blur at 14 min and 28 min 
post adaptation (session 3) with the first baseline measurement after the first 
introduction of blur (0 min) and the end of blur adaptation (28 min), to establish 




There was no significant change in visual acuity during the control session (session 
1) prior to blur adaptation in any of the three blur conditions (F (4, 52) = 0.905, p = 
0.46 for +1.00 D photopic, F (4, 52) = 2.390, p = 0.16 for +2.00 D photopic and F (4, 52) 
= 1.114, p = 0.36 for +2.00 D mesopic) (Figures 4.4 and 4.5). The group mean visual 
acuity of the five measurements recorded during the control session (session 1) were 
0.64 ± 0.02 MAR for +1.00 D photopic, 0.65 ± 0.02 MAR in +2.00 D photopic and 
1.13 ± 0.03 MAR for the +2.00 D mesopic condition. Introduction of blur resulted in 
a significant reduction in visual acuity compared to the control session (session 1) for 
all three blur conditions (p < 0.01). 
A two-way repeated measure ANOVA was conducted for the main effects of blur 
and adaptation time on visual acuity in the photopic condition (session 2), and 
indicated a significant effect of blur (F (1, 13) = 49.19, p < 0.01) and adaptation time 
(F (4, 52) = 18.94, p < 0.01) on visual acuity. There was also a significant interaction 
between the level of blur and adaptation time (F (4, 52) = 7.55, p < 0.01), where Figure 
4.4 shows that the magnitude of the improvement in visual acuity was greater for the 
+2.00D than the +1.00D condition. Follow-up one-way repeated measures ANOVA 
indicated significant improvements in visual acuity for both the +1.00 D photopic (F 
(4, 52) = 4.314, p < 0.01) and +2.00 D photopic (F (4, 52) = 13.354, p < 0.01) conditions. 
Repeated contrasts showed that, in both the +1.00D and +2.00D conditions, the 
increase in visual acuity was significant between 0 min and 7 min, and between 7 
min and 14 min (p < 0.0125), however, there was no further significant increase in 




Figure 4.4. The group mean ± SE values of MAR visual acuity for the control 
session, adaptation session and recovery sessions for +1.00 D photopic and +2.00 D 
photopic. The arrows indicate the blur adaptation between the start and end of the 
28 min of blur adaptation 
A two-way repeated measure ANOVA conducted for the main effects of illumination 
(photopic and mesopic) and adaptation time for +2.00 D blur showed that there was a 
significant effect of illumination on visual acuity (F (1, 13) = 160.47, p < 0.01) (Figure 
4.5). There was also a significant improvement in visual acuity with adaptation, 
averaged over the two illumination conditions (F (4, 52) = 12.98, p < 0.01). However, 
there was no significant interaction between illumination and adaptation time (F (4, 52) 
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Figure 4.5. The group mean ± SE values of MAR visual acuity in baseline, 
adaptation and recovery sections for +2.00 D photopic and +2.00 D mesopic 
conditions. The arrows indicate the blur adaptation between the start and end of the 
28 min of blur adaptation 
Comparison of best-corrected acuity in the control session (pre blur) versus 
recovery (post blur) sessions  
Visual acuity returned to baseline after removal of blur following blur adaptation, 
and there was no significant change in visual acuity in the no blur session (post-
adaptation, session 3) for any of the blur conditions (F (4, 52) = 0.51, p = 0.73 for 
+1.00 D photopic, F (4, 52) = 1.47, p = 0.22 for +2.00 D photopic and F (4, 52) = 0.745, 
p = 0.56 for +2.00 D mesopic). Comparison of baseline and recovery data (pre-blur 
versus post-blur adaptation sessions) for best-corrected visual acuity also showed no 
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blur conditions, +1.00 D photopic (F (1, 13) = 2.371, p = 0.15), +2.00 D photopic, (F (1, 
13) = 0.380, p = 0.54) and +2.00 D mesopic (F (1, 13) = 1.497, p = 0.24).  
Persistence of blur adaptation after removing blur  
The persistence of blur adaptation during the recovery period was studied by briefly 
reintroducing blur at 14 min and 28 min during the post-blur session (recovery-no 
blur session), after the continuous blur lens (during blur adaptation) had been 
removed. A paired t-test was conducted comparing acuity with the first 
administration of blur and after 28 min of adaptation with visual acuity after 14 and 
28 min of recovery from blur. These data are shown in Figure 4.6.  
The comparisons indicate that in the +1.00 D photopic condition the blur 
measurements during the recovery session (14 min and 28 min) were not 
significantly different to those at the start of blur adaptation (0 min during blur 
adaptation), indicating that the recovery was complete after removal of blur 
following blur adaptation. However, in the +2.00 D photopic and +2.00 D mesopic 
conditions, the blur measurements (14 min and 28 min) during the recovery session 
remained significantly better than that at the start of the blur adaptation (0 min during 
blur adaptation) (p ≤ 0.05) (Figure 4.6). Visual acuity showed a small and 
insignificant recovery compared to the end of adaptation (28 min during blur 
adaptation) in the +1.00 D photopic, +2.00 D mesopic conditions (p > 0.05) and a 
significant recovery in +2.00 D photopic condition (p < 0.05) (Figure 4.6). Thus the 
results indicate that for higher blur levels (+2.00 D blur), blur adaptation was 





Figure 4.6. The group mean ± SE values of MAR visual acuity in baseline, adaptation and recovery sections for +1.00 D photopic, 
+2.00 D photopic and +2.00 D mesopic conditions. The group mean ± SE MAR visual acuity for 14 min and 28 min blur measurements 
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Pupil size 
Pupil size was measured at four different times (30, 31, 60 and 90 min) during the 90 
min of testing for all three conditions and is reported in Table 4.2. There was a 
significant increase in pupil size with the introduction of blur [30 min (no blur) 
compared to 31 min (introduction of blur)] for the +1.00 D photopic (t (-3.901) = 13, p 
= 0.002) and +2.00 photopic conditions (t (13) = -3.047, p = 0.009) but not for +2.00 
mesopic conditions (t (13) = -1.074, p = 0.30) (Table 4.2). The increase in pupil size 
during blur adaptation (31 min and 60 min time points) was significant for the +2.00 
D photopic condition (t (13) = -2.429, p = 0.03) but not for the +1.00 D photopic (t (13) 

















30 min                                
(no blur) 
31 min                
(start of 
blur) 
60 min                
(end of blur) 
90 min             
(end of no 
blur) 
Significant 
differences             
(p < 0.05) 
+1.00 D 
photopic 
4.42 ± 0.51 4.63 ± 0.61 4.69 ± 0.60 4.46 ± 0.51 
30 min < 31 min*                 
31 min < 60 min   
60 min > 90 min* 
+2.00 D 
photopic 
4.38 ± 0.35 4.61 ± 0.52 4.69 ± 0.55 4.43 ± 0.43 
30 min < 31 min*                 
31 min < 60 min* 
60 min > 90 min* 
+2.00D          
mesopic 
6.43 ± 0.72 6.48 ± 0.72 6.48 ± 0.72 6.38 ± 0.69 
30 min < 31 min                 
31 min = 60 min   
60 min > 90 min 
Table 4.2. The mean ± SD values of pupil size measured at the end of the baseline 
session (30 min), at the beginning and end of blur adaptation (31 min & 60 min) and 
at the end of recovery session (90 min). (*) Represents statistically significant differences 
in pupil size (p < 0.05).   
4.4 Discussion 
The findings from this study suggest that the adaptation to blur tends to peak at about 
14 min following the initial imposition of blur, and that this level of blur adaptation 
is then maintained up until the 30 min measurement point. Blur adaptation resulted in 
a significant improvement in binocular visual acuity over the 30 min exposure to blur 
for all conditions. These results for the photopic illumination conditions are 
consistent with those of Mon-Williams, et al., (1998), who reported a four letter 
improvement in visual acuity for 30 min of adaptation to +1.00 D blur. Similarly 
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George & Rosenfield, (2004) reported an improvement in binocular visual acuity of 
two lines following two hours of adaptation to +2.50 D blur.  
In considering a possible mechanism for the adaptation to blur, Mon-Williams, et al., 
(1998) suggested that blur adaptation occurs at the level of visual cortex, from their 
observation of an improvement in visual acuity in the fellow eye, following blur 
adaptation. They also noted a reduction in contrast sensitivity for mid spatial 
frequencies (5-25 cycles per degree {cpd}) following adaptation to +2.00 D blur, 
with no change in higher and lower spatial frequencies. On the other hand, Rajeev & 
Metha (2010) noted an improvement in sensitivity to mid and high spatial 
frequencies (8 and 12 cpd) and reduced sensitivity to low (0.5 and1.0 cpd) spatial 
frequencies following 30 min of adaptation to +2.00 D blur. 
The present study also showed that blur adaptation varied depending on the level of 
blur. There was a group mean improvement of two letters of visual acuity for +1.00 
D blur compared to a group mean improvement of seven letters for the +2.00 D blur 
condition, after 30 min of blur adaptation. Cufflin, Hazel, et al., (2007) also 
measured monocular visual acuity for +1.00 D and +3.00 D blur conditions and 
noted a trend towards greater adaptation with higher levels of blur, however, the 
differences did not reach statistical significance. The reason for a greater level of blur 
adaptation with increasing levels of blur is unclear. 
The present study also showed that there was no significant difference in blur 
adaptation for +2.00 D blur under photopic and mesopic illumination conditions. 
There was a small increase in pupil size during blur adaptation for +1.00 D, +2.00 D 
blur conditions under photopic illumination and no change in pupil size during blur 
adaptation for +2.00 D mesopic condition. The change in pupil size for the +1.00 D 
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photopic condition was not significant, which is consistent with previously reported 
data where blur adaptation had no significant effect on pupil size (Cufflin, et al., 
2007). However there was a small (0.31 mm), but significant increase in pupil size 
during blur adaptation in the +2.00 D photopic condition. This small increase in 
pupil size is likely to worsen visual acuity in the presence of blur, rather than 
improve visual acuity, since the retinal blur circle will be larger.  
Another important finding was the persistence of blur adaptation even after removal 
of blur following blur adaptation. Blur was reintroduced at 14 min and 28 min during 
the recovery session following blur adaptation and these blur measurements were 
compared with the start and end measurements during blur adaptation. Visual acuity 
for both the blur measurements during the recovery session were better than at the 
start of blur adaptation (0 min during blur adaptation) indicating that recovery from 
blur adaptation after removing blur was incomplete. This persistence of blur 
adaptation was noted only for +2.00 D blur under both photopic and mesopic 
illumination conditions, for the +1.00 D photopic condition the recovery from blur 
adaptation was complete after removing blur. The persistence of blur adaptation was 
not affected by the intervening measurements for the non blurred conditions.  
4.5 Conclusion 
The results from this study confirm previous work showing that visual acuity 
significantly improves following blur adaptation. The new findings were that blur 
adaptation varied with the level of blur, however, change in illumination did not 
affect blur adaptation. Blur adaptation was measurable at 7 min and appears to be 
largely complete at 14 min and this was consistent for both levels of blur and under 
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photopic and mesopic testing conditions, indicating that the minimum adaptation 
time that should be given in blur experiments should be 14 min. This adaptation time 
of 14 min was included in all the protocols of the experiments included in this thesis. 
The other important finding of the study was the small but significant persistence of 
blur adaptation even after intervening measurements of clear vision until 28 min after 
removing the blur. This information assists in the design of the methodology for 
Experiments 2 and 3, given that these experiments involved four different levels of 
blur. Given that the effects of blur adaptation were shown to persist after the removal 
of blur, we chose not to randomise the order of the levels of blur Experiment 2 and 3; 
measurements were always performed from lower to higher levels of blur.  
Thus the main findings of this study were that the level of blur adaptation peaked at 
about 14 min, which was consistent for different levels of blur and under different 
illumination conditions. The amount of adaptation varied with level of blur and this 





Chapter 5: The effect of blur and illumination on short 
exposure visual acuity measurements  
5.1 Introduction 
The presence of blur reduces the ability to recognise and resolve the fine detailed 
components of a target (Anderson, et al., 2001, Wang & Ciuffreda, 2005). The 
reduction in contrast sensitivity with blur has been shown to be spatial frequency 
dependent, affecting the high spatial frequency components of the target to a greater 
extent with increasing blur (Green & Campbell, 1965). However, the effect of blur 
on visual acuity was not reported to differ between high and low illumination 
conditions (Johnson & Casson, 1995). 
Driving is a highly visual task and the majority of the sensory input for driving is 
believed to be visual. Visual acuity testing is included as a screening test to 
determine driving fitness for first time licensing and periodic re-licensing in most 
countries. The current Australian standards for licensing states that drivers of private 
vehicles require a visual acuity of 6/12 in the better eye or binocularly, whereas 
commercial drivers must have a minimum of 6/9 in the better eye and 6/18 in the 
other eye (Lloyd, 2012). Drivers with visual acuity worse than these levels are likely 
to have difficulty in reading road signs and identifying hazards on the road 
(summerized in Schieber, 2004). Recently there has been increased interest among 
researchers in understanding the effect of uncorrected refractive error on driving 
performance, as refractive error has been reported to be the cause of reduced visual 
acuity in 80% of the drivers whose visual acuity was below the legal limit of 6/12 
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(Keeffe, et al., 2002). Studies measuring the effect of different levels of blur (from 0 
to +10 D) and different light levels (using neutral density filters) on driving 
performance using driving simulators have reported that increased blur and reduced 
luminance resulted in a significant reduction in steering performance (Brooks, et al., 
2005, Owens & Tyrrell, 1999).   
In on-road driving experiments, which measured the effect of degrading acuity (6/6, 
6/12, 6/30 and 6/60) using different levels of blur on daytime driving performance, 
showed that increased blur resulted in a greater reduction in driving performance 
,including total driving time (drivers slowed down in the presence of blur), hazard 
avoidance and road sign recognition (Higgins & Wood, 2005, Higgins, et al., 1998). 
Similarly, Wood, et al., (2010) measured the effect of simulated cataracts and blur on 
night-time driving, with visual acuity reduced to approximately 6/9.5 in both visual 
conditions. The results showed a significant decrease in driving performance similar 
to that found for daytime driving, with a greater effect for simulated cataracts 
compared to the simulated blur condition. Comparison of the effect of blur 
conditions on day and night-time driving performance showed that the effect of blur 
on driving performance was greater under night compared to daytime conditions 
(Wood, et al., 2011).  
Standard visual acuity assessment usually consists of static presentation of a letter 
chart under high room illumination conditions in which participants are given 
unlimited time to correctly recognise the letters. However, it is unclear whether such 
measures capture the variation of vision under more dynamic environments, such as 
driving. Moreover, studies have also showed that standard visual acuity measures are 
poorly associated with driving performance (Davison, 1985, Hofstetter, 1976, 
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Humphriss, 1987, Ivers, et al, 1999, Marottoli, et al., 1998). Thus the purpose of this 
study was to examine whether the effects of blur on visual acuity measures for 
stimulus presented only briefly, better reflect the effect of blur on driving 
performance.   
Studies have reported that visual resolution is dependent on the exposure duration of 
the target and that visual acuity improves with increased target duration (Baron & 
Westheimer, 1973, Kahneman, 1964, Keesey, 1960, Niwa & Tokoro, 1997). In the 
present study a target exposure of 100 ms was used to measure the effect of blur on 
visual acuity, as it has been shown to be the minimum exposure duration for which 
the temporal integration for briefly presented stimulus is largely complete and visual 
acuity is at normal levels (≥ 6/6), under photopic luminance levels (Baron & 
Westheimer, 1973, Niwa & Tokoro, 1997).  
A decrease in luminance to mesopic levels degrades vision functions, such as visual 
acuity (Glover, et al., 1999, Rabin, 1994, Simpson, et al., 1986), contrast sensitivity 
(Peli, et al., 1996, Sloane, et al., 1988), colour vision (Knight & Knight, 2009, 
Schneider & von Campenhausen, 1998, Shin, et al., 2004) and reaction times (He, et 
al., 1998, Viikari, et al., 2008, Walkey, et al., 2007, Zele, et al., 2013). Further 
studies measuring the effect of reduced luminance on brief stimulus presentation 
have also reported an increase in temporal integration time under mesopic 
conditions, leading to greater reduction in resolution ability under low compared to 
high luminance levels (Baron & Westheimer, 1973, Brown & Black, 1976, Niwa & 
Tokoro, 1997). Although studies have noted the effect of exposure duration and 
target luminance on visual acuity, the effect of simulated blur on visual acuity for 
short target durations has not been studied.  
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Thus, visual acuity measured for short target exposures may be important for 
estimating visual abilities in real-world conditions, especially while driving. Also the 
presence of simulated blur has been shown to have a greater effect on driving 
performance under night-time conditions compared to daytime (Wood, et al., 2011). 
The aim of the present study was to investigate the effect of blur on visual acuity for 
briefly presented targets compared to visual acuity for unlimited presentations under 
photopic and mesopic illumination conditions. By measuring the effect of blur on 
visual acuity for brief exposure targets in standardised laboratory conditions, we 
aimed to better understand the variation in vision resulting from blur on the 
recognition of briefly presented events while driving under photopic and mesopic 
conditions.  
5.2 Method 
5.2.1 Participants  
Twenty young subjects were recruited with an age range of 18 to 35 years (mean age 
29.4 ± 3.06 years) (13 male and 7 female) (see Table 5.1). All participants were 
screened for their eligibility to participate in the study through a clinical eye 
examination; all participants were optimally corrected for their distance refractive 
error. Refractive error assessment for optimal refractive correction for each eye was 
determined using the Jackson cross-cylinder and the blur-back technique using a 
phoropter. Binocular distance visual acuity was measured using the ETDRS chart at 
a working distance of a 4 m (Ferris, et al., 1982) with the optimal refractive 
correction centred in the trial frame to determine the best-corrected visual acuity (≥ 
6/6 or 0.00 logMAR) for a chart luminance of 126 cd/m2.  
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Inclusion criteria were: (1) participants aged between 18 years to 35 years, 2) visual 
acuity ≥ 6/6 with refractive correction, and 3) no eye diseases. Informed consent was 
obtained from all participants and the research protocol was approved by the 


















Table 5.1. Details of age, gender, refractive error, inter-pupillary distance (IPD), 
binocular and monocular best corrected visual acuity (BCVA) using the ETDRS 
charts of all participants. 
 Age 
(yrs) 
Gender Subjective refraction 
Right eye               Left eye 
IPD 
(mm) 
BCVA   
Right eye 
(logMAR) 
BCVA      
Left eye 
(logMAR) 

























































































































































































5.2.2 Design of the Tumbling-E method for assessing visual acuity 
The study involved repeated measurements of visual acuity for both untimed and 
timed (100 ms) presentations using computer-generated tumbling-E stimuli. Visual 
acuity was measured for 0.00 D, +0.50 D, +1.00 D and +2.00 D blur conditions 
under photopic and mesopic illumination conditions as described for Study 1. For the 
untimed presentation the stimulus was presented until the participant gave a response 
and in the timed presentation the stimulus duration was 100 ms. For both stimulus 
presentation times, a random noise mask appeared for 500 ms following the stimulus 
presentation in order to minimise the afterimage of the stimulus displayed 
(Mankowska, et al., 2012, Roinishvili, et al., 2011).  
5.2.3 Procedure 
Testing was undertaken over a period of 80 min under both the photopic and mesopic 
illumination levels on two different days. At each session visual acuity was tested for 
four blur conditions (0.00 D, +0.50 D, +1.00 D and +2.00 D), and for each blur 
condition visual acuity was measured for two different target presentations (untimed 
and 100 ms presentation). Participants wore their optimal correction and the blurring 
lenses in a trial frame in front of both eyes. The configuration of the testing 
environment for the mesopic and photopic conditions was the same as in Study 1. In 
the photopic illumination condition, visual acuity for all defocus conditions was 
measured at a 12 m testing distance (via a mirror – see Figure 5.1). In the mesopic 
condition for the 0.00 D and +0.50 D blur conditions visual acuity was measured at 
the 12 m distance and the +1.00 D and +2.00 D blur conditions were measured at 4 
m (directly looking at monitor) (Figure 5.1). These testing distances were selected 
for the mesopic illumination conditions in order to provide an appropriate range of 
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resolution sizes for each set of testing conditions. At a working distance of 4 m a 
correction of +0.25 D was given over the optimal distance refraction and defocus 
was added to this total power.  
A 14 min adaptation time was given for each blur condition followed by 6 min of 
visual acuity measurements under both illumination conditions. The 14 min blur 
adaptation period was selected based on the data collected in Experiment 1 which 
showed that visual acuity improved following 30 min of blur adaptation, with peak in 
visual acuity at 14 min following imposition of the blurring lens (Chapter 4). 
Participants watched a movie during the 14 min adaptation period on the LCD 
monitor positioned at a distance of 5.27 m in photopic illumination and on a monitor 
at 4 m for the +1.00 D, +2.00 D blur conditions under mesopic illumination 
conditions, to maintain constant accommodation throughout the experiment. For all 
participants the 14 min adaptation time was also given for the no blur conditions 
under both illumination conditions which assisted in standardising participants’ state 
of light adaptation prior to visual acuity measurements (Uvijls, et al., 2001). In both 
illumination conditions the testing order of defocus was from lower to higher (0.00 
D, +0.50 D, +1.00 D, +2.00 D), given that in the adaptation study described in 
Experiment 1, there was an improvement in visual acuity with blur following 
adaptation and this effect partly remained over 30 min, following removal of the blur 
lens. Thus by not randomizing the blur levels and testing the order of blur from lower 
to higher levels, we aimed to control for the carry-over effect of blur adaptation of 





Figure 5.1. Schematic representation of the experimental setup: the participant was 
seated at 12 m for all four blur conditions under photopic illumination and for 0.00 
D and +0.50 D blur conditions under mesopic illumination (upper panel). The 
working distance was 4 m for +1.00 D and +2.00 D under mesopic illumination 
conditions (lower panel). 
5.2.4 Analysis 
The group mean minimum angle of resolution (MAR) visual acuity for each blur 
measurement was calculated for all 20 young participants. Visual acuity was 
considered in MAR values, as for Experiment 1 in order to investigate the small 
changes in visual acuity for the effects of blur, illumination and stimulus presentation 

















presentation for the four blur conditions and under two illumination conditions. A 
three-way repeated measures ANOVA was conducted for the factors of illumination 
(photopic and mesopic), presentation time (untimed and timed) and blur (0.00 D, 
+0.50 D, +1.00 D and +2.00 D) to analyse the impact of illumination, presentation 
time and blur on visual acuity.  
5.3 Results 
There was a significant main effect of illumination level (F (1, 19) = 172.594, p < 
0.01), stimulus presentation time (F (1, 19) = 250.01, p < 0.01) and blur (F (3, 57) = 
163.91, p < 0.01) on visual acuity. There was a significant three-way interaction 
between presentation time, illumination level and blur for visual acuity (F (3, 57) = 
5.27, p = 0.003). In addition, there were also significant two-way interactions noted 
for the main effects of illumination and stimulus presentation time (F (1, 19) = 74.45, p 
< 0.01), illumination and blur (F (3, 57) = 41.35, p < 0.01) and stimulus presentation 








Effects Df F-value p-value 
Illumination 1 172.594 P < 0.01* 
Blur 3 163.912 P < 0.01* 
Presentation time 1 250.012 P < 0.01* 
Presentation time X bBlur 3 51.464 P < 0.01* 
Illumination X Blur 3 41.358 P < 0.01* 
Illumination X Presentation 
time 1 74.450 P < 0.01* 
Illumination X Blur X 
Presentation time 3 5.276 
P = 0.003* 
Table 5.2. Three-way ANOVA and follow up two-way ANOVA showing effect of blur, 
illumination and presentation time on visual acuity, Note: *= p < 0.01 for statistical 
significance. 
Follow-up two-way ANOVAs were thus conducted for the factors of presentation 
time and blur on visual acuity under photopic and mesopic illumination conditions 
separately, to determine the simple main effects of blur and stimulus presentation 
time on visual acuity for both illumination conditions. There were significant main 
effects of stimulus presentation time on visual acuity (for photopic F (1, 19) = 74.74, p 
< 0.01 and for mesopic conditions F (1, 19) = 193.04, p < 0.01). Pairwise comparison 
of presentation time indicates that visual acuity was reduced to a greater extent for 
the timed (100 ms) presentation compared to the untimed presentations under both 
illumination conditions (p < 0.01) (Figure 5.2).  
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Figure 5.2. The group mean ± SE comparison of untimed and timed (100 ms) 
stimulus presentation under photopic and mesopic illumination conditions.  
There were also significant simple main effects of blur on visual acuity under both 
illumination conditions, with a greater effect of blur under mesopic (F (357) = 155.50, 
p < 0.01), compared to photopic illumination conditions (F (3, 57) = 103.387, p < 
0.01). Mean visual acuity reduced significantly with increasing blur compared to 
baseline (no blur) for both stimulus presentation times under both illumination 
conditions and all pairwise comparisons of all four blur conditions were significant 
(p < 0.01) (Table 5.3). In addition, there were also significant interactions between 
the simple effects of blur and presentation time under both illumination conditions 
(photopic F (3, 57) = 19.672, p < 0.01 and mesopic F (3, 57) = 28.451, p < 0.01). The 
effect of the four blur conditions (0.00 D, +0.50 D, +1.00 D and +2.00 D) on visual 
acuity was greater for the timed presentation under both illumination conditions, with 
the greatest effect of blur on visual acuity being for the timed mesopic condition (F 



















Comparison of stimulus presentation time on visual acuity under 
photopic and mesopic illuminaiton 
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151.514, p < 0.01), the photopic timed condition (F (3, 57) = 123.918, p < 0.01), with 
least effect in the untimed photopic condition (F (3, 57) = 67.533, p < 0.01) (Figure 
5.4). Moreover, as can seen in Figure 5.4, the differential increase in the effect of 
blur with the timed presentation was greater in the mesopic (Figure 5.3 B) than in the 
photopic condition (Figure 5.3 A)  
Blur 
condition 
 Photopic illumination Mesopic illumination 
  Untimed Timed (100 ms) Untimed 
Timed (100 
ms) 
0.00 D  0.71 ± 0.11 0.87 ± 0.19 1.25 ± 0.18 1.84 ± 0.36 
+0.50 D  0.89 ± 0.38 1.08 ± 0.39 1.87 ± 0.49 2.83 ± 0.76 
+1.00 D  1.27 ± 0.61 1.60 ± 0.89 2.58 ± 0.61 3.70 ± 0.76 
+2.00 D  2.95 ± 1.11 3.85 ± 1.12 5.07 ± 1.26 7.20 ± 1.94 
Table 5.3. The group mean ± SE of MAR visual acuity measurements for the four 
blur conditions, presented for both untimed and timed (100 ms) presentations, under 




Figure 5.3. The group mean ± SE visual acuity for 0.00 D, +0.50 D, +1.00 D, and +2.00 D conditions comparing untimed and timed 
(100 ms) stimulus presentation and under photopic and mesopic illumination. 
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There was also significant effect of blur (F (1, 19) = 194.31, p < 0.01) and illumination 
(F (3, 57) = 16.62, p < 0.01) on pupil size. In addition there was also a significant 
interaction between blur and illumination (F (3, 57) = 7.06, p < 0.01) on pupil size. 
Pairwise comparison of pupil size showed that increasing blur resulted in a 
significant increase in pupil size under photopic illumination (p < 0.01), and a 
decrease in illumination resulted in a significant increase (p < 0.01) in pupil size 
compared to the photopic testing condition. However, it can be seen from Table 5.3, 
that there was no significant change in pupil size with increasing blur under mesopic 
illumination (Table 5.4) (p > 0.05). 
Illumination 
conditions 
0.00 D +0.50 D +1.00 D +2.00 D 
Photopic 4.3 ± 0.64 4.4 ± 0.64 4.5 ± 0.67 4.7 ± 0.68 
Mesopic 6.8 ± 0.74 6.8 ± 0.72 6.8 ± 0.71 6.8 ±0.74 
Table 5.4. Group mean ± SD of pupil size measured in four blur conditions and 
under photopic and mesopic illumination conditions. 
5.4 Discussion 
The findings from this study indicate that there was a significant decrease in visual 
acuity with increasing blur for both stimulus presentation times. Importantly the 
decrease in visual acuity was greater for the timed (100 ms) presentation compared to 
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the untimed presentation under both illumination conditions. Decrease in 
illumination to mesopic levels exacerbated the effects of both blur and stimulus 
duration, such that there was a much greater decrease in visual acuity for the brief 
(100 ms) presentation under the mesopic testing condition compared to visual acuity 
for the untimed mesopic condition, and for the timed and untimed conditions under 
photopic illumination.  
Group mean visual acuity for the no blur condition under photopic illumination was 
better than 1.0 MAR (less than 6/6) for both untimed and timed (100 ms) 
presentations. However, visual acuity for the no blur condition with the timed 
presentation was approximately one line worse compared to visual acuity for the 
untimed presentation. This reduction in visual acuity for a brief stimulus presentation  
compared to stimuli presented for longer exposure durations, is in accord with 
findings from previous studies (Kono, et al., 1991, Niwa & Tokoro, 1997) 
The presence of even a small amount of blur (+0.50 D) resulted in a significant 
reduction in visual acuity, which further worsened with increasing blur levels (+1.00 
D and +2.00 D) for both stimulus presentation times. These results are in accord with 
previous studies which reported similar effect of increasing blur levels on visual 
acuity, measured using standard untimed target presentations (Johnson & Casson, 
1995, Plainis, et al., 2011, Radhakrishnan, et al., 2004, Schmidt, 1994). The current 
study also showed that the effect of blur on visual acuity was greater in the timed 
(100 ms) presentation compared to the untimed presentation under photopic 
conditions. The possible explanation for the greater effect of blur on visual acuity for 
the timed presentation may be a result of the combined effect of blur and reduced 
resolution ability for brief stimulus presentations. Applying these findings to real-
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world conditions, especially while driving, suggests that the presence of even small 
amounts of blur (+0.50 D) may significantly reduce recognition ability for targets 
which may be presented briefly while driving on high speed roads, such as road signs 
and hazards. Supporting this, studies measuring the effect of simulated blur on on-
road driving performance, showed that increasing blur results in a significant 
decrease in performance measures that involved briefly appearing targets, including 
recognition of road signs and hazards  (Higgins & Wood, 2005, Higgins, et al., 
1998). 
Decreasing illumination from photopic to mesopic levels further exacerbated the 
effect of blur on visual acuity for both untimed and timed presentations. The possible 
reason for the greater effect of blur under mesopic illumination may be a result of the 
increased pupil size relative to that measured under photopic illumination. The 
increase in pupil size results in a decrease in depth-of-focus (Legge, et al., 1987, 
Tucker & Charman, 1986, Wang & Ciuffreda, 2004) and an increase in higher order 
aberrations (Hashemian, et al., 2012, Kawamorita & Uozato, 2006, Tabernero, et al., 
2009). In addition, the increased pupil size under mesopic illumination leads to a 
larger retinal blur circle (Green, et al., 1980, Ogle & Schwartz, 1959). Thus the 
presence of blur may be an additive effect leading to an increased effect of blur under 
mesopic conditions. The difference in testing distances under the two illumination 
conditions may have also contributed to a small difference in pupil size (0.07 mm), 
leading to a change in accommodation of about 0.17 D (Buehren & Collins, 2006). 
However, this small change in accommodation was compensated for by providing an 
appropriate working distance (+0.25 D) correction while testing at 4 m. Johnson & 
Casson, (1995) measured the effect of increasing blur levels on visual acuity for 
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untimed stimulus presentation under high and low illumination conditions and 
reported that the effect of blur was not exacerbated under low compared to high 
illumination conditions. The reason for the difference in results between studies is 
unclear. Possible explanations include the fact that Johnson & Casson, (1995) did not 
use briefly presented targets and also included a relatively small sample size.  It 
should be noted that in the present study the mesopic condition was always presented 
on the third session, so participants had already had a significant level of practice in 
completing the task prior to this assessment. While this is acknowledged as a 
limitation, it is important to note that the results cannot be ascribed to a simple 
practice effect, as it would be predicted that practice should lead to lesser effects of 
blur (or greater adaptation), rather than greater effects of blur as evidenced here.   
The decrease in illumination also exacerbated the effect of stimulus presentation time 
on visual acuity measured in our study. This greater decrease in visual acuity for 
brief stimulus presentation is considered to be a result of an increase in temporal 
integration time under mesopic compared to photopic illumination conditions (Baron 
& Westheimer, 1973, Brown & Black, 1976, Niwa & Tokoro, 1997). In the current 
study there was also a much greater effect of blur on visual acuity for the timed 
mesopic condition compared to the timed presentation under photopic illumination, 
which result from a combined effect of blur and the timed presentation under 
mesopic conditions. These findings suggest that blur may result in a greater reduction 
in the ability to recognise briefly presented hazards while driving under low lighting 
conditions, as in night-time, compared to daytime driving. These findings are also 
consistent with an on-road driving experiment that showed that blur had a significant 
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effect on driving performance under day and night-time conditions, with the effect 
being greater during the night compared to day time conditions (Wood, et al., 2011) 
5.5 Conclusion 
The results of this experiment provides a basis for predicting how blur will affect an 
individual’s visual resolution ability for target presented for unlimited exposures 
(such as a stationary target), in comparison to briefly presented targets in real world 
conditions, especially while driving. These results suggest that even a small amount 
of blur, which may result from uncorrected or under-corrected refractive errors, may 
impact on the identification and resolution of dynamic and briefly presented events 
while driving at high speeds, such as road sign recognition and hazard identification. 
The findings also suggest that the effect of blur on events presented briefly while 
driving may be much greater under low lighting conditions. In the following 
experiment (Experiment 3) we further investigated the effect of blur and auditory 









Chapter 6: The effect of blur and secondary task on 
reaction time to hazards in Hazard Perception Test (HPT) 
6.1 Introduction 
Hazard perception measures the ability of drivers to anticipate and identify 
dangerous situations while driving on the road (Horswill, et al., 2008). Assessment of 
hazard perception usually involves measurement of reaction times to potential 
hazards such as traffic conflicts presented in filmed driving scenes, in which 
participants anticipate actions such as slowing down of the vehicle speed by braking 
or taking action to avoid a collision with other road users (see Horswill & McKenna, 
2004 for a review). A number of studies have shown that performance on laboratory-
based measures of hazard perception predict crash involvement (Horswill & 
McKenna, 2004, McKenna & Horswill, 1999, Quimby, et al., 1986). However, there 
has been limited investigation of how degraded visual acuity affects reaction times to 
hazards in Hazard Perception Test (HPT). 
It is well known that a decrease in target visibility affects response times 
(Breitmeyer, 1975, Plainis & Murray, 2002). This is thought to occur because the 
degraded visual image makes the initial levels of visual processing more cognitively 
difficult and reduces the higher level of cognitive resources available to process new 
information (Wingfield, et al., 2005). Rabbitt (1968) proposed the theory of 
‘effortfulness’, where the increased effort associated with trying to encode visual 
information in the presence of masking noise increases the cognitive load, which in 
turn reduces the ability to perceive and respond to visual information. Similarly the 
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visual information available while driving may be degraded due to refractive blur or 
cataracts and this may cognitively slow down a driver’s reaction to hazards. 
Marrington, et al., (2008) measured the hazard anticipation ability of drivers using 
the Hazard Perception Test when viewing through filters which simulated mild and 
moderate levels of cataract. Moderate simulated cataract reduced the hazard 
detection and anticipation abilities of participants. Similarly studies of on-road 
driving performance with simulated blur have shown that increased levels of blur 
result in a greater reduction in the ability of drivers to detect and avoid hazards 
positioned on the roadway (Higgins & Wood, 2005, Higgins, et al., 1998, Wood, et 
al., 2011). However, in these closed road studies, detection ability was measured for 
static and large low contrast road hazards which do not represent dynamically 
presented hazards, such as moving vehicles, pedestrians and cyclists on the road. 
Importantly, the effect of blur on reaction times to such dynamically presented 
hazards has not been investigated. 
Along with degraded vision, performing any secondary task can also slow down 
drivers’ reactions to hazards (Horswill & McKenna, 2004). With the developments in 
technology and in-vehicle devices there has been increased interest in understanding 
the distraction caused by these devices while driving. Interacting with in-vehicle 
devices (secondary tasks) requires the driver to divide their attention away from the 
main driving task (Poysti, et al., 2005). Studies have reported that the distraction 
caused by interacting with any secondary task while driving can result in crash 
involvement (Horrey, et al., 2008, Klauer, et al., 2006, Lesch & Hancock, 2004, 
Strayer & Johnston, 2001). Along with visual distraction caused by adjusting a radio 
or dialling number on a mobile phone (Haigney & Westerman, 2001), listening to 
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auditory information while driving also causes distraction (Horrey & Wickens, 
2006). Although previous studies have noted that driving performance in the 
presence of auditory route information has been better compared to visually 
presented information (Jensen, et al., 2010, Moldenhauer & McCrickard, 2003), 
recent research on navigational devices noted that navigational audio instructions are 
also a major cause of distraction while driving (Martin, et al., 2011).  
Since the time for processing the visual information increases with blur, it is of 
interest to study the combined effects of an auditory secondary task (similar to output 
from any navigational or in-vehicle device) and degraded vision on reactions to 
hazards. Thus, the present study aimed to investigate the effect of different levels of 
blur on reaction times to hazards and to investigate if the additional presence of an 
auditory distracter task (navigational audio instructions similar satellite navigation 
devise) further exacerbates the effects of blur on reaction times to hazards.  
6.2 Methods 
Twenty young participants who had prior driving experience and a current driving 
license participated in the study. The age range of the participants was between 18 to 
35 years (mean age of 29.4±3.2). The participants included 11 males and 9 females 
and all participants were screened for vision impairment via refractive assessment 
and clinical examination. Refractive error was measured for each participant to 
provide optimally corrected distance visual acuity. Binocular visual acuity was 
assessed with optimal correction using a 4 m ETDRS with a chart luminance of 126 
cd/m2. The inclusion criteria were: 1) visual acuity better than 6/6 with refractive 
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correction, 2) no eye diseases, and 3) current driving license. Informed consent was 
obtained from all participants and the research protocol was approved by the 
Queensland University of Technology, Human Research Ethics Committee (see 
Appendix 1).  
The study was a repeated measures design and participants were tested for four 
visual conditions (0.00 D, +0.50 D, +1.00 D and +2.00 D). For each visual condition 
the reaction time for identification and response to hazards was measured in the no 
distracter and distracter conditions (i.e., with simulated satellite navigation audio 
instructions) using the Hazard Perception Test (HPT). Participants were required to 
view HPT video clips on a LCD touch screen monitor (30.2 cm x 22.6 cm) with 
screen resolution of 1024 x 768, refresh rate of 60 Hz, to identify potential hazards. 
The reaction time to identify the hazard in the driving scene was recorded for all four 
visual conditions. 
6.2.1 Design of Hazard Perception Test 
The Hazard Perception Test (HPT) is a video presentation of traffic scenes recorded 
from the driver’s perspective (Horswill & McKenna, 2004). Participants are required 
to react to a potential hazard in the driving scene by touching the image of the hazard 
on a touch-screen. In the experiment a hazard was defined as “a situation in which a 
collision or near collision with another road user (including stationery vehicles, 
cyclists, or pedestrians) would occur unless you take some type of evasive action 
(slowing, steering, etc.)” (Wallis & Horswill, 2007). The primary outcome measure 
was the reaction time of the participant to respond to the hazard after it appeared on 
the screen.  
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The HPT in the present study comprised 80 video clips of different driving scenes 
with one driving event in each clip that was considered to be a hazard. For each 
video clip, simulated satellite navigation audio instructions were recorded (similar to 
audio instructions from a commercial satellite navigation device). The 80 video clips 
with audio instructions were divided into 40 video clips with audio instructions that 
were possible to follow and 40 video clips with instructions that were not possible to 
follow according to the driving scene. These 80 video clips were randomised into 
eight sets (with 10 different driving video clips in each set), which were then 
randomized between participants. The reaction time to hazards for each blur 
condition was tested twice, once without audio instructions (during which the 
volume of the computer was switched off) and the second time with audio 
instructions (the audio distracter condition).  
In the no distracter condition participants simply had to identify the hazard and tap 
the hazard on the touch-screen monitor. In the audio distracter condition the 
participants were required to respond to the hazard while simultaneously listening to 
the navigational audio instructions. Each video clip had one or more navigational 
audio instructions, with at least one audio instruction synchronised with the point in 
time at which the hazard should become apparent to the participant. This was used to 
distract the participant’s attention away from the hazard in the video clip. At the end 
of each clip in the HPT, a one second gap was allowed for the participant to respond 
to the navigational audio instructions and the response was recorded using a voice 
recorder and scored as the number of correct and incorrect responses. For example, 
in a driving scene in which the car is driving on a road with a possibility of a right 
turn 100 m ahead of the driver, the navigational instructions in the video clip would 
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say ‘turn right 100 m ahead.... turn right 50 m ahead......turn right immediately’. The 
participant had to look for hazards (traffic conflicts) in the driving scene while 
listening to the audio instructions and simultaneously look for the right turn at the 
distances indicated in the audio instructions. Participants also had to respond as to 
whether or not they felt that it was possible to follow the satellite navigation 
instruction given during the during the one second gap following the presentation as 
‘Yes’ or ‘No’. Participants were given instructions and a practice session was 
conducted with sample videos for both the no distracter and distracter conditions 
before the actual testing, to ensure that participants clearly understood the testing 
procedures. 
6.2.2 Procedure 
The reaction time measurements for hazard perception were tested for four visual 
conditions (0.00 D, +0.50 D, +1.00 D and +2.00 D), with the room lights 
extinguished. The wide diversity of scenes and lighting conditions presented in the 
hazard perception video clips meant that the luminance levels ranged from 5 to 40 
cd/m2. The total testing time for all four conditions took approximately 84 min, with 
the measurement time for each blur condition being approximately 21 min (14 min of 
blur adaptation and 7 min of testing). In all conditions, the HPT was tested for the no 
distracter condition first, followed by the audio distracter condition for all 
participants. While this lack of randomisation is a potential limitation in the study it 
was undertaken in order to ensure that the easier condition was presented prior to the 
more difficult condition.  
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Participants wore their optimal correction and an additional +2.00 D working 
distance correction for the 50 cm testing distance, plus the blur lens in a trial frame 
before both eyes. The 14 min adaptation time for all blur conditions before the 
reaction time measurements was based on the time of peak adaptation results from 
Experiment 1 (Chapter 4). During the 14 min adaptation period the participant 
watched a movie on the same monitor at a distance of 50 cm to maintain constant 
accommodation throughout the experiment. An adaptation period of 14 min was also 
used for the normal vision (no blur) condition to allow participants to adapt to the 
room lighting conditions and to maintain constant accommodation. The testing order 
of the blur conditions was not randomised, but instead tested from low to high 
powers. This was done to systematically control for the adaptation effect of larger 
blur levels, which may have affected the reaction time measurements for the other 
blur conditions based on the results of Experiment 1.  
6.2.3 Analysis  
Participants’ reaction times to each hazard were recorded as the deviation from the 
group mean, since the hazards in each of the video clips varied and there is no 
objective measure to determine when a given hazard might first become apparent as 
a hazard to an ideal observer. The mean response time across all incidents was then 
added to the mean deviation scores to assist in interpretation of outcomes (Horswill, 
et al., 2011). A two-way repeated measure ANOVA was conducted for the effects of 
blur and distracter conditions on the reaction time to hazards. A separate two-way 
repeated measure ANOVA was also conducted for the effects of blur and distracter 
conditions on hazard detection ability of participants (total number of hazards 
correctly detected for each blur condition).  
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6.3 Results  
There was a significant effect of blur on the reaction time to hazards (F (3, 57) = 7.912, 
p < 0.01). The mean reaction time increased for higher levels of blur in comparison 
to the no blur condition. In pairwise comparisons, the increase in reaction time for 
+0.50 D blur was small and insignificant (p > 0.05) compared to the no blur 
condition. Both the +1.00D and +2.00D conditions differed significantly from the 
plano condition, and from the +0.50D condition (p< 0.05). 
Blur conditions



















Figure 6.1. Group mean (SE) normalised reaction times as a function of blur 
conditions.  
The two-way repeated measure ANOVA also showed a significant effect of auditory 
distracter condition on reaction time, such that the group mean reaction time was 
significantly greater for the distracter condition (5.57 ± 0.12) compared to the no 
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distracter condition (5.35 ± 0.13) (F (1, 19) = 1.538, p = 0.02) (Figure 6.2). There was 
no significant interaction between the factors, indicating that the effect of blur levels 
on reaction time was of similar magnitude under both the no distracter and distracter 
conditions (F (3, 57) = 1.119, p = 0.35). 
 
Figure 6.2. Group mean (SE) normalised reaction time as a function of distracter 
conditions.  
With regards to the number of hazards detected in the no distracter and distracter 
conditions, the two-way repeated measure ANOVA showed that there was no 
significant effect of blur (F (3, 57) = 2.224, p = 0.09) and auditory distracters (F (1, 19) 
= 1.472, p = 0.24) on the number of hazards detected. Also there was no significant 
interaction between the main effects blur and auditory distracters on hazard detection 
























detect over 80% of the hazards in both the no distracter and with distracter conditions 
as shown in Table 6.1. 
 % Hazards Detected 
Visual Condition No-Distracter Distracter 
Plano 86.5 (2.2) 86.5 (2.7) 
+0.50 83.5 (2.5) 79.0 (3.4) 
+1.00 81.0 (2.9) 81.5 (3.3) 
+2.00 86.0 (2.2) 78.5 (3.4) 
Table 6.1: Group mean (standard error) for the percentage of hazards correctly 
detected as a function of visual and distracter condition  
6.4 Discussion 
The findings of this study indicate that the reaction time to hazards increased with an 
increase in the level of blur and there was also a significant increase in mean reaction 
time in the presence of an auditory distracter task, however, there was no significant 
interaction between the blur and distracter factors. 
Participants’ reaction time for the +0.50 D blur condition was not significantly 
different to the baseline (no blur) however, in the +1.00 D and +2.00 D bur 
conditions, the participants were significantly slower in reacting to hazards compared 
to baseline. The decrease in visual contrast of the HPT driving scenes (test stimuli) 
for higher levels of blur may have resulted in slower recognition and processing of 
the environmental cues from the driving scene (Harley, et al., 2004, Pashler, 1984). 
This may have concomitantly reduced the higher level of cognitive processes 
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available for perception of the hazard (Wingfield, et al., 2005), resulting in slower 
reactions to the hazards in the driving scene. The results from the study also showed 
that blur did not have any effect on the total number of hazards detected, suggesting 
that blur slowed down participants’ reaction to hazards in the driving scene but their 
ability to accurately detect the hazard was not affected. Wood, Chaparro, Anstey, et 
al., (2009) also noted that even a modest decrease in visual acuity from simulated 
cataracts slowed performance on cognitive tests that measured processing speed, 
visual attention and selective attention, however, this was not accompanied by any 
change in cognitive test accuracy.  
The mean reaction time also increased in the presence of an audio distracter (satellite 
navigation instructions) compared to the no distracter condition. Charlton, (2009) 
noted that conversing on a hands-free mobile phone significantly increased reaction 
time to hazards and reduced the ability to avoid road and traffic hazards in a 
simulator driving study. Similarly Recarte & Nunes, (2003) in an on-road driving 
experiment noted that the presence of a secondary task resulted in increased mental 
workload and late detection and slower responses to hazards in the driving 
environment. These findings are consistent with the proposed theory of 
‘effortfulness’ (Rabbitt, 1968), which suggests that processing of auditory 
information from a secondary task, such as route information from a satellite 
navigation device, may result in a reduction in higher level cognitive processes, 
reducing the cognitive resources available for recognising and processing the visual 
information from the driving scene. This may explain our findings of a slower 
reaction time to hazards when performing the secondary auditory distracter task in 
the present study.  While the decision to present the no-distracter condition first in all 
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cases, followed by the distracter condition, may have influenced the results, the 
results cannot be simply ascribed to practice, as in general, practice will improve 
reaction times, rather than slow them. Nor would we believe that significant fatigue 
would have occurred over the time-scale considered here. 
The present study showed an additive effect of blur and distracter on reaction times 
to hazards, however there was no significant interaction between blur and distracter 
conditions. Wood, Chaparro, & Hickson, (2009) measured on-road driving 
performance for different visual (normal, cataract and blur) and distracter (no 
distracter, audio and visual) conditions and noted that driving performance was 
worse in the visually impaired conditions and that performance was further degraded 
in the presence of distracters (audio and visual) for the visual impairment conditions. 
A potential explanation for the finding that blur did not exacerbate the effect of 
distracters on reaction times in this study may be due to differences in methodology 
between studies. The present study was conducted under controlled laboratory 
conditions where participants’ reactions to the hazards required visual and cognitive 
attention, whereas in the study by Wood, Chaparro, & Hickson, (2009), the on-road 
driving additionally needed participants to physically engage in driving performance 
(controlling the steering wheel, applying accelerator and brakes) while 
simultaneously performing a distracter task, providing an additional cognitive load. 
Thus secondary tasks in real-world driving conditions may make driving 
performance and hazard identification more challenging than was evident in testing 




The increase in hazard detection time with blur observed in this study underscores 
the importance of drivers using their optimal refractive correction while driving. 
Though the presence of distracters did not interact with blur, there was an additive 
effect of blur and the secondary distracter task, such that the mean reaction time was 
slower in both the presence of blur and the secondary task. This suggests that driving 
performance may become more challenging when there is a combination of degraded 
vision and a secondary task which may potentially include tasks such as conversing 
on a mobile phone, talking to a co-passenger and listening to the instructions from 






Chapter 7: Conclusions 
Performance of vision-related daily activities involves acquisition of visual 
information that is often dynamic in nature. For example, driving involves 
continuous acquisition of visual information such as vehicles, pedestrians, cyclists 
and road signs that can assist the driver to make appropriate decisions and maintain 
safe control of the vehicle. Optimal visual acuity enables better resolution and 
performance of such dynamic visual tasks; decreased visual acuity due to 
uncorrected refractive error may thus reduce the recognition ability of such dynamic 
events and impact on driving performance. Therefore the findings from the 
experiments in this thesis can be used to better understand the potential factors 
influencing the impact of blur on dynamic and briefly presented visual information, 
particularly while driving.  
In Experiment 1 (Chapter 4) we studied the temporal dynamics of blur adaptation for 
different levels of blur and under photopic and mesopic testing conditions. These 
findings assisted us in designing the methodology for the later experiments. In 
Experiment 2 (Chapter 5) we investigated the effect of different levels of blur on 
visual acuity for short target exposures compared to untimed target presentations 
under photopic and mesopic illumination conditions. Finally, in Experiment 3 
(Chapter 6) we studied the impact of different levels of blur and an auditory 
distracter task on reaction times to potential hazards in road scenes using the Hazard 




Blur adaptation  
Many individuals habitually experience small levels of blur due to uncorrected 
refractive errors. However, the human eye has some capacity to adapt to blur, with a 
small improvement in visual acuity occurring after constant exposure to blur. This 
phenomenon is sometimes noticed by myopic individuals who are not wearing their 
spectacles. In Experiment 1 (Chapter 4) we measured the time course of adaptation 
to different levels of blur under both photopic and mesopic illumination conditions. 
We found that the improvement in visual acuity reached a peak at about 14 min after 
introducing the blur, with no further increase in visual acuity, and that this time 
frame was consistent for different levels of blur and under both photopic and 
mesopic illumination conditions. This information was used in the design of the 
subsequent experiments described in Chapter 5 and Chapter 6, to ensure some 
control on the level of blur adaptation during these experiments. 
The results also showed that the improvement in visual acuity following blur 
adaptation varied with the level of blur. There was greater adaptation for higher 
levels of blur, which may be a result of greater improvement in resolution to high 
spatial frequency channels at the level of visual cortex compared to improvement for 
lower blur levels (Mon-Williams, et al., 1998). A decrease in illumination to mesopic 
levels did not show a significant effect on blur adaptation compared to adaptation 
under photopic illumination. 
Another finding was a small and significant persistence of blur adaptation up until 28 
min after removing the blur. This information also assisted in designing the 
methodology for the later experiments, by informing the testing order of blur 
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conditions, to minimise the carry-over effect of higher blur levels on visual 
performance measured for lower levels of blur. To minimise these effects, different 
blur levels were not randomised, but were measured from lower to higher blur levels 
in the experiments described in Chapter 5 and Chapter 6.  
The effect of blur, illumination and presentation time  
Many of the visual tasks that are performed in everyday conditions require 
recognition of objects that are only briefly visible. This can occur as we use eye and 
head movements to scan a scene, or through the movement of objects within the 
scene. Traditional measurements of the effects of blur on visual functions allow 
participants almost unlimited time to resolve targets, such as visual acuity charts. 
However, there is little information on the effects of blur on vision when targets are 
presented for only a brief period of time.  
The findings from Experiment 2 (Chapter 5) showed that increasing the level of blur 
(0.00 D, +0.50 D, +1.00 D and +2.00 D) resulted in a greater reduction in visual 
acuity for both untimed and timed (100 ms) stimulus presentations under photopic 
illumination conditions, with the important finding being that the effect of blur on 
visual acuity was greater for brief stimulus presentations. As reported in previous 
studies, there is greater reduction in resolution ability for smaller optotypes (fine 
details) for briefly presented stimuli compared to stimuli presented for longer 
durations (Kono, et al., 1991, Niwa & Tokoro, 1997). Thus the increased effect of 
blur on briefly presented stimulus may be a result of the combined effect of blur and 
shorter stimulus exposures under photopic illumination levels. These laboratory 
findings can be related to on-road driving performance as visual information 
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available while driving is often only briefly viewed. Moreover, studies measuring the 
effect of blur on on-road driving performance have reported that blur results in a 
decrement in the ability to recognise road signs and hazards, targets which may be 
fixated only briefly at the fovea while driving (Higgins & Wood, 2005, Higgins, et 
al., 1998).  
A decrease in illumination to mesopic levels showed a much greater decrease in 
visual acuity for a briefly presented stimulus, compared to photopic illumination, 
which has been reported in previous studies (Baron & Westheimer, 1973, Brown & 
Black, 1976, Niwa & Tokoro, 1997). There was also an exacerbation of the effect of 
blur under mesopic illumination, such that the effect of blur on visual acuity for brief 
presentations was much greater than for photopic illumination, with even the +0.50 
D condition resulting in a much greater decrease in visual acuity for brief 
presentations. The increased effect of blur under an mesopic illumination conditions 
may be a result of increased pupil size, leading to an increase in the retinal blur circle 
(Green, et al., 1980, Ogle & Schwartz, 1959) and the much greater effect of blur on 
brief (100 ms) presentation may be a result of the combined effect of blur and brief 
stimulus presentations under mesopic illumination conditions. These laboratory 
findings are relevant to on-road driving and consistent with the study by Wood, et al. 
(2011) who reported that the effects of blur on driving performance were greater at 
night compared to daytime conditions.  
Translating these findings to real-world driving conditions suggests that there may be 
a greater reduction in recognition ability for briefly presented targets (such as road 
signs and hazards) while driving, compared to stationary targets or those that are 
presented for unlimited durations. The presence of even low levels of blur from 
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uncorrected or under-corrected refractive errors (+0.50 D) may reduce ability to 
resolve the fine details of such briefly presented visual information while driving. 
This increased effect of blur on briefly presented targets while driving may further 
worsen with decrease in illumination lower levels (as in night-time driving). Thus the 
increased effect of blur on resolution of briefly presented targets may be one of the 
factors underlying the impact of blur on driving performance under both day and 
night time conditions, which has been shown to worsen under night-time driving 
conditions. 
Importantly the findings showed that the effect of blur on resolution ability was less 
for targets presented for unlimited exposure durations (as typically used in measuring 
visual acuity using a standard letter chart) in comparison to targets presented briefly. 
These findings suggest that the variation in vision for small uncorrected refractive 
errors measured using standard visual acuity charts may not represent the impact of 
blur on resolution of dynamic and briefly presented events, such as in real world 
driving conditions. These findings suggest that in clinical settings, visual acuity 
assessment for brief stimulus presentations is likely to be a more sensitive test in 
determining the impact of refractive errors on real-world visual function. 
The impact of blur on reaction time to hazards in the presence of an auditory 
distraction 
Along with correctly resolving the details of dynamic and briefly presented visual 
information while driving, timely reaction to potential hazards is important for safe 
driving. However, in a driving situation it is common to have auditory distractions 
such as a radio, passenger talking or auditory route information from navigation 
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devices. Therefore in Experiment 3 (chapter 6) we measured the impact of different 
levels of blur on reaction times to potential hazards using the Hazard Perception 
Test, both in the presence and absence of an auditory distracter. It was found that 
reaction times to hazards increased with increased levels of blur, except in the +0.50 
D condition where the increase in reaction time was not significant compared to the 
no blur condition. This may be the result of higher levels of blur degrading vision, 
thus slowing the processing of environmental cues from the driving scene (Harley, et 
al., 2004, Pashler, 1984). This leads to increased mental workload by reducing the 
resources available to detect hazards in the driving scene (Wingfield, et al., 2005) 
resulting in slower reaction times. 
The study also showed that presence of the auditory distracter task (satellite 
navigation instructions) along with the blurred vision conditions resulted in an added 
effect on reaction times, such that participants were slower in reacting to hazards in 
the distracter condition compared to the no distracter condition. Previous studies on 
simulator and on-road driving performance have also shown that performing a 
secondary task while driving resulted in increased mental workload leading to an 
increase in reaction time to hazards (Charlton, 2009, Recarte & Nunes, 2003). Thus 
the additive effects of the secondary auditory task and degraded vision on reaction 
times may result from increased cognitive load, leading to a reduction in the ability 
of the participant to adequately divide their attention between the visual task and the 
secondary auditory task, leading to a slower reaction to hazards in the driving scene. 
A simulator driving study by Victor, et al., (2005) that measured the gaze pattern for 
reactions to hazards in a driving scene, reported that increased cognitive workload 
due to auditory distracters resulted in increased drivers concentrating on the road 
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centre at the expense of glances at targets presented in the periphery of the road 
scene, resulting in tunnel vision. However, it was not possible to investigate 
peripheral gaze patterns and tunnel vision effects in our study, given that reaction 
times to hazards in our study were tested at a close working distance and hence 
across a relatively small area of the visual field compared to the previously reported 
simulator study. 
Our findings suggest that a decrease in visual acuity due to uncorrected refractive 
errors can increase mental workload and slow down the ability of the drivers to react 
immediately to potential hazards on road. In our study the reaction times to hazards 
for lower levels of blur (+0.50 D) was not significantly different to baseline (no blur) 
condition. However, given that on-road driving performance involves drivers having 
to physically engage in driving performance (controlling steering, applying 
accelerator and brakes) and continuously respond to the visual information received 
from the road, the presence of even lower levels of blur may result in increased 
mental workload, affecting driving performance. The presence of auditory 
distractions while interacting with the in-vehicle devices (listening to radio or 
directional route instruction) may additionally increase mental workload and 
decrease the ability of the driver to respond to hazardous situations while driving. 
Future research directions  
The findings from Experiment 2 showed a greater effect of blur on visual acuity for 
brief stimulus presentation under both high and low illumination conditions, which 
support findings of the effect of blur on driving performance under day and night-
time conditions. However, future studies should further investigate whether visual 
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acuity measurement for brief stimulus presentations better predicts on-road driving 
performance, particularly, measures such as road sign recognition and hazard 
identification. In the current study, the effect of blur and illumination on visual acuity 
for brief stimulus presentation was investigated, keeping the contrast of the target 
unchanged. Given that a decrease in ambient illumination reduces the visual acuity 
and contrast sensitivity of drivers (Andre, 1996, Sturgis & Osgood, 1982), future 
research could also investigate these relationships for targets of different contrast 
levels.    
In Experiment 3 (Chapter 6) the findings suggest that performing auditory distracter 
task in the presence of blur may result in cognitive slowing leading to slower 
reaction times to hazards. However, this increase in cognitive workload while 
performing a secondary task may result in increased concentration on the road centre 
and decrease the ability to detect targets in the road periphery (Victor, et al., 2005), 
which was not investigated in our experiment. Thus it is recommended that future 
studies investigate reaction time measurements on a large screen, in conjunction with 
the measurement of eye movements, in order to investigate the effect of blur on 
fixation, gaze patterns and reaction times to hazards presented in the periphery.  
It is worth noting that, as with all exploratory research of this nature, there is the 
probability of type I errors occurring due to the number of independent analyses 
conducted.  It was not possible with the limited samples used in all three experiments 
in the current study to control all statistical analyses for this increased error, as this 
would have reduced the power of the analyses to detect meaningful findings.  Thus it 





This thesis investigated the effects of blur on visual performance in conditions that 
reflect aspects of driving. While the loss in visual acuity with blur is here is well 
documented, the additional effect of briefly presented stimuli was investigated and 
shown to further diminish vision performance in the presence of blur, which was 
exacerbated with decreased illumination (such as night driving). Similarly, we 
investigated whether blur slowed reaction times to hazards while interacting with in-
vehicle devices (such as listening to instructions from satellite navigation devices). 
The findings of the effect of blur on laboratory tests from Experiment 2 and 
Experiment 3 were obtained following a period of adaptation to blur (which was 
based on the results from Experiment 1). The blur adaptation factor was an important 
consideration, since in real-world conditions individuals may adapt to small levels of 
blur as a result of inappropriate refractive corrections. Thus the findings from both 
Experiments 2 and 3 indicate that even after adaptation to blur, there can be a 
significant impact of blur on the recognition of briefly presented events and that the 
addition of auditory distracters can further slow down the ability to react to potential 
hazards.   
These findings assist in understanding the factors underlying the impact of 
uncorrected refractive errors on driving performance. These studies also highlight the 
potential importance of correcting refractive errors to improve the ability of drivers 
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